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ABSTRACT 
In the first part of this Thesis the structural and superconducting properties of 
some Yttrium-Barium-Copper-Oxides (YBCO) superconducting materials have been 
examined. These materials, which were discovered only about three years ago, have 
the important property that they become superconducting at temperatures below 
about 86K. Because this transition temperature (Tc) is well above the temperature 
(77K) of liquid nitrogen- a readily availible refrigerant- there is very considerable 
interest in potential technological applications. The nominal composition of YBCO 
and for superconductivity the value of x must be near 
71-,x = 7.0. X-ray diffraction methods have been used to determine the lattice parame-
ters and values of x for a range of oxides prepared from different starting materials 
by different routes. These structural studies were extended by Scanning Electron 
Microscopy which gave information about the grain size and microstructure of the 
materials. A major part of the work considered the development of an inductance 
probe technique for examining the superconducting properties. This technique was 
based on the Meissner effect and involved measuring the inductance of a small coil 
which was filled with superconducting material as a function of temperature and 
magnetic field. From these measurements several superconducting properties have 
been determined. These included the transition temperature (Tc), the percentage 
of superconducting material present in a given sample, the first critical field ( Hc1 ), 
and hysteresis. The critical field is the value at which an external magnetic field 
penetrates into the superconductor to a depth known as penetration depth (A) which 
corresponds to a non-superconducting layer. The values of Hc1 were all found to 
be about 15 gauss, rather smaller than those previously reported in the literature. 
The variation of A with temperature was also examined and shown to be in excellent 
agreement with theory based on a Type II model. In an attempt to correlate these 
superconducting properties with the structural studies it was shown that the most 
promising superconductors were those in which the grain size was relatively large 
(greater than lOJ..Lm) and in which the grains were closely packed together. 
In the second part of the Thesis some non-superconducting oxides were examined 
by magnetic resonance methods. In the first group of experiments the epr linewidths 
. , 
of the M=+l/2 (--7 -1/2 transition of the Cr3+ spectrum of Cr/MgO single crystals 
and powders have been measured at 9GHz before and after annealing. The nominal 
chromium concentrations ranged from 800 to 15,000 ppm. Specimens were annealed 
at 500°C in oxygen for up to 150 hours. Annealing produced reductions in peak-to-
peak linewidth ( 6.Hpp) which occurred in two stages. Each followed an exponential 
and the initial ( a1) and final { 0:2) decay rates were determined from the slopes of 
Ln [ 6.Hpp L versus time plots. For single crystals all the values of a1 were about 0.04 
h-1; the smaller values of 0:2 were concentration dependent ranging from 0.9 x 10-3 to 
1.25 x 10-3h-1 for the two sources of strain. The rapid decay rate is associated with 
cationic vacancy strain relief and the slower decay with removal of lattice distortion 
111 
brought about when the Mg2+ ions are replaced by Cr3+ dopant ions. Similar effects 
were observed with powders but in these both types of lattice strain were relieved at 
a slower rate in the powder than in the corresponding single crystal, e.g. for 3600 
ppm Cr, o:1 = 0.016h-1 and 0:2 = 1.0 x 10-3h-1. In the second group of experiments 
the mechanisms of magnesiochromite formation were studied and the effect of this on 
epr linewidth was examined. The results of both groups of experiments were related 
to the more general problem of the dipolar mechanisms responsible for the variation 
of epr linewidth with concentration in the Cr/MgO system. 
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CHAPTER ONE 
INTRODUCTION 
The main work described in this Thesis is concerned with magnetic studies on 
some superconducting oxides. The magnetic and superconducting properties are 
closely related to the composition and microstructure of the material and conse-
quently the purely magnetic studies described had to be supplemented by a consider-
able amount of structural appraisal of the material. The particular oxides investigated 
here were of the Yttrium-Barium-Copper Oxide type and among the characterization 
techniques adopted was electron paramagnetic resonance ( e.p.r ). This latter tech-
nique was used to examine some other oxide ceramics, in particular chromium doped 
magnesium oxide ( Cr /MgO) which is a refractory insulator but not a superconducting 
material. Consequently, for convenience, the Thesis is divided into two sections, Part 
I being concerned with the structural and magnetic properties of superconducting ox-
ide ceramics and Part II with the nature of magnetic interactions of the paramagnetic 
dopant in the diamagnetic magnesium oxide host lattice. 
The discovery of the so-called high Tc superconductors occurred in 1986 when 
Bednarz and Muller [1.1] reported superconducting behaviour in metallic, oxygen-
deficient compounds in the Ba-La-Cu-0 system with the composition BaxLa5-xCu5(3-y)· 
One characteristic of any superconductor is that below a certain temperature, known 
as the critical temperature Tc, the resistance falls to zero. For all previously known 
superconducting materials the critical temperatures Tc lie in the range of tempera-
ture below about 20K and consequently it was usually necessary to use liquid helium 
refrigerant to enable the superconducting properties to be utilized. Examples of 
conventional superconductor applications requiring liquid helium refrigerants are su-
perconducting magnets (which are used to produce very high magnetic fields) and 
Superconducting Quantum Interference Devices or SQUIDS which are used for mea-
suring very small magnetic fields. The attraction of the new oxide material reported 
by Bednarz and Muller [1.1] was that the critical temperature was in the 30K range, 
considerably higher than those of previously known materials. The next major step in 
the development of high Tc materials occurred in 1987 when Chu and his co-workers 
[1.2] reported that a stable and reproducible superconducting transition between 80 
and 93K had been unambiguously observed both resistively and magnetically in a 
new Y-Ba-Cu-0 compound. This discovery generated interest worldwide because Tc 
was above the temperature of liquid nitrogen (77K) and hence the possibility could 
be visualised that the expensive and inconvenient liquid helium requirement could 
be replaced by the relatively inexpensive and readily available liquid nitrogen. There 
was also much speculation regarding the possibility of room temperature supercon-
ductivity which would of course have many implications for electrical engineering and 
technology. YBCO belongs, like other new high temperature superconductors, to a 
structurally flawed crystallographic family known as perovskites. Chu's supercon-
o ducting powder was composed of the elements yttrium, barium and copper in the 
ratio 1:2:3 and so is called a 1-2-3 superconductor. The superconducting 1-2-3 YBCO 
2 
It is helpful first to give a brief summary of the magnetic properties of conven-
tional superconductors. More complete discussions are given in textbooks by Kittel 
[1.3] and Rose-Innes [1.4]. The most obvious characteristic of all superconductors is 
that below their transition temperatures (Tc) superconductors have zero resistivity. 
In the direct measurement of resistance it is usual to employ the four probe method. 
In this four co-linear contacts are made to a sample of known cross-sectional geome-
try, the outer pair acting as current leads and the inner pair being used to measure 
the voltage developR across a known length of sample. This enables the resistance, 
usually expressed as the ratio of the resistance at given temperature to that at room 
temperature, to be measured as a function of temperature. The superconducting 
transition for the Type I superconductor tin is shown in Figure 1.1. For the pure 
material the transition is very sharp (the temperature width is less than O.OOlK) but 
the addition of impurities has the effect of broadening the transition very consider-
ably. Experimentally it is difficult to measure the extremely low resistance found 
below Tc and the method adopted has usually been the persistent current technique. 
Here a current is induced in a closed loop of a superconducting wire maintained be-
low its critical temperature and the magnitude of the magnetic field produced by 
this current is monitored by a small search coil as a function of time; from the lack 
of measurable decay of the current it has been deduced that the resistance in the 
superconducting state is virtually zero. In addition to temperature there is another 
factor which can cause a transition from the superconducting to the normal (resistive) 
3 
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3.78 
state. This is the application of an external magnetic field. Superconductors may be 
broadly divided into Type I and Type II, according to their quite different behaviour 
in a magnetic field. Superconductors Type I have a single critical field value and 
superconductors Type II have two critical field values. For Type I superconductors 
the external magnetic flux cannot penetrate the body, Figure 1.2, and the flux pene-
tration takes place only when He is reached. Examples of this type of behaviour are 
mercury [1.5] which has Te=4.2K and Hc=400G and lead [1.5] for which Tc=7.2K and 
He=800G. Some further examples of the critical temperature and critical field of the 
superconducting elements are given in Table 1.1. As the Table shows the value of He 
is different for each superconducting metal.The value of He for a particular element is 
also temperature dependent. Experimentally it has found that the variation follows 
the relation 
(1.1) 
where Ho is the critical field at absolute zero and Te is the transition temperature. 
This form of behaviour is shown in Figure 1.3. For Type II superconductors, Figure 
1.4, there are two critical fields. The first critical field (Hc1) occurs when the flux 
starts to penetrate the material. With increase of the magnetic field the material 
enters a mixed state between Hc1 and He2 until, when the higher field He2 is reached, 
the sample becomes fully normal. Some conventional Type II materials are niobium-
tin (Nb3Sn) [1.6] for which Tc=18K and He2=210kG and niobium aluminium (Nb3Al) 
[1. 7] which has a slightly higher critical temperature of Te=19K and a substantially 
higher value of He2 of 320kG, molydenium-rhenium (M03- Re) for which Te=lOK 
4 
Element Tc (K) Ho (Gauss) 
Aluminium 1.19 99 
Cadmium 0.56 30 
Gallium 1.09 - 51 
Indium 3.41 283 
Lead 7.2 800 
Mercury 4.2 400 
Osmium 0.7 65-82 
Rhenium 1.70 201 
Ruthenium 0.49 66 
Tantalum 4.5 830 
Tin 3.7 306 
Titanium 0.40 100 
Vanadium 5.3 1310 
Zinc 0.88 53 
Zirconium 0.75 47 
Table 1.1 : Critical temperatures and fields of some superconducting 
elements. 
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and He2=8.4kG and titanium-niobium (Ti2- Nb) for which Te=9K and He2=lOOkG 
[1.4]. In addition there is another field of interest at low temperatures. If a magnetic 
field H is applied to a superconductor, and the temperature is reduced below Te, 
all the magnetic flux is expelled from the body of the material (see Figure 1.5). 
This explusion of magnetic flux is called the Meissner effect [1.8]. Early workers in 
superconductivity also discovered that there was an upper limit to the current which 
could be passed along a piece of superconductor if it were to remain resistanceless. 
This is called the critical current, though it is more usual to refer to the critical 
current density le which takes account of the cross section of the sample. The critical 
current is related to the critical magnetic field strength He already mentioned. Thus 
a superconductor loses it's zero resistance when, at any point in the surface, the 
total magnetic field strength due to the contribution from both the transport current 
and any external applied magnetic field exceeds the critical field strength He. This 
implies that the stronger the applied magnetic field the smaller is the critical current. 
If there is no applied magnetic field the only magnetic field will be that generated 
by the transport current and in this case the critical current is that current which 
generates the critical magnetic strength He at the surface of the superconductor. 
There have been several theories of conventional Type I and Type II supercon-
ducting behaviour but to date no complete theory of the new oxide superconductors, 
which form the subject of Part I of this Thesis, has been announced. Although the 
development of quantum mechanics in the 1920's led to the understanding of ordi-
nary electrical conduction in metals, the origins of superconductivity were not clear 
5 
until 1956. This situation encouraged the development of phenomenological theories. 
These theories, although not attempting to account for the origin of superconductiv-
ity, have established that most superconducting phenomena can be derived from a 
small number of empirical postulates. An early step was made by Gorter and Casimir 
[1.9], who showed that the thermodynamic properties of superconductors could be ac-
counted for by assuming that their conduction electrons were divided into fluids or 
phases. The electrons in one phase were considered to have their normal proper-
ties, but a proportion was assumed to be condensed into a lower free energy phase 
in which it could carry current without interacting, that is, without ohmic dissipa-
tion. An assumption was that the fraction of electrons in the condensed phase was 
unity at absolute zero and decreased towards zero as the critical temperature was 
approached. Following the discovery of the Meissner effect, it became clear that the 
electromagnetic properties of a superconductor could not be predicted directly from 
Maxwell's equations for a metal, assuming zero resistivity. In 1935 F. and H. London 
showed that most of the electromagnetic properties of superconductors, including the 
Meissner effect, could be accounted for by Maxwell's equations with the addition of 
the expression 
ne2 
-H + curlJ = 0 
me 
(1.2) 
where J is the current density, H the field, and n,e and m are respectively the con-
centration, charge and mass of the conduction electrons. London's theory predicted 
that a magnetic field would exist within a superconductor but that its value would 
6 
vary exponentially with depth according to 
(1.3) 
where 
2 
).2- (~) 
- 47rne2 (1.4) 
Here H is the field at a depth x inside a semi-infinite superconductor whose surface 
field is Ho. The quantity >. is known as the penetration depth. Equation (1.2) pre-
diets that the field should fall to zero inside a superconductor in agreement with the 
Meissner effect and that it should do so exponentially with a decrement >.. This pre-
diction is found to be approximately correct. The penetration depth can be measured 
experimentally and is found to vary with temperature, increasing from a value >.(0) 
at absolute zero towards infinity at Tc. Experimentally, the temperature dependence 
of>. is found to be given by the relation. 
>.(T) = [ _ ( T )4] -t 
>.(0) l Tc (1.5) 
For lead, mercury, tin and indium >.(0) lies between 4 and 6x 10-6 em. It is found that 
equation 1.5 can be deduced from the London theory by thermodynamic arguments 
if n in equation 1.4 is regarded as the concentration of the superconducting portion 
of the conduction electrons as calculated from the two-fluid model. Although later 
work has shown that the concepts of the two-fluid model and the equations of the 
London theory are only exact under certain limiting conditions, these concepts and 
equations still provide a convenient framework for describing many of the phenomena 
of superconductivity. 
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The London theory and the two-fluid model did not attempt to explain the ori-
gin of superconductivity. The modern microscopic theory, first proposed by Bardeen, 
Cooper and Schrieffer ~1.10] and called the BCS theory, goes a long way towards 
explaining most of the properties of the superconducting state. No theory can yet ex-
plain why only certain metals, alloys and compounds become superconducting at low 
temperatures. The BCS theory predicts that a special type of attractive interaction 
between conduction electrons, opposing the normal electrostatic repulsion, can occur 
in the collective system of electrons and lattice taken together. The attraction takes 
place by the successive emission and absorption of short-lived virtual phonons be-
tween pairs of electrons, and has the effect of pairing-off electrons with opposite spin 
and with approximately opposite wave vectors or linear momenta. Calculation shows 
that this attractive force between the electrons of a pair extends over a relatively 
long distance, which is of the order of 10-4 cm;this distance is called the Coherence 
Length ( The momenta of the electron pairs are distributed statistically about zero. 
The non-zero values of paired momenta, within the distribution, are equivalent to 
elementary super-currents. Pairing is only effective for electrons close to the Fermi 
surface; i.e. those with energies lying within about kTc of the Fermi energy Wp. The 
attraction between an electron-pair means that the total energy of a pair is lower, by q 
quantity 26, than the sum of the energies of the two unpaired electrons. At T=O, all 
electrons close to the Fermi surface pair off and a superconducting energy gap, 26, 
exists between the superconducting ground state and the normal excited states. The 
BCS theory predicts that the value of the superconducting energy gap parameter 26 
8 
lS 
2.6 = 3.5kTc (1.6) 
where Tc is the transition temperature. At the same time, the density of states 
N(W) are piled up on either side of the energy gap, Figure 1.6a. The pairing off is 
a collective process involving all electrons near the Fermi surface, together with the 
lattice through which they move. At finite temperatures, 0 < T < Tc, some pairs 
are destroyed by thermal excitation across the energy gap into normal conduction 
states, and the strength of the collective pairing interaction is reduced. The energy 
gap becomes smaller and approaches zero as T approaches Tc, Figure 1.6b. At Tc, 
the normal Fermi distribution is restored. 
As regards the new high Tc superconductors there is at present no single complete 
theory, despite an extremely extensive literature. Some of the recent developments 
have been reviewed by Phillips [1.11] and an even more recent survey has been given 
by Ehrenreich and Turnbull [1.12] It is very clear however the occurrence of electron 
pair formation, which is a pre-condition for superconductivity, is very closely related 
to the nature and crystallography of the unit cell of the material. Hence there is a 
need to correlate the measurement of the various superconducting properties with a 
detailed knowledge of the microstructure of the material investigated. 
In Part I of this Thesis Chapter Two is concerned with structural studies of 
YBCO. The description of the measurements and observations of superconducting 
properties commences in Chapter Three which is concerned with inductance probe 
9 
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techniques and measurements. Chapter Four reports further studies concerned pri-
marily with critical field and hysteresis observations. Part I continues with Chapter 
Five which describes e.p.r studies on YBCO and provides additional structural in-
formation which complements that obtained by the x-ray and electron-microscopic 
techniques reported in Chapter Two. Some conclusions on the results obtained in 
Part I are given in Chapter Six. 
Part II of this Thesis is also concerned with the magnetic behaviour of some ox-
ide ceramics but the difference is that these oxides, which were a range of magnesium 
oxide single crystals doped with chromium at various concentrations, were not su-
perconducting. Magnesium oxide is a refractory insulating material and is of interest 
for both scientific and technological reasons. On the technological side magnesium 
oxide finds it's major application as the refractory insulator used in heating elements. 
Here the major problem is that the insulator must withstand a very high alternating 
voltage, usually 240 v. a.c, while at temperatures of about 800°C; it must also be 
in powder form such that the powder has the correct flow characteristics to enable 
it to be packed into the space between the heater and its surrounding sheath and 
also to be moulded with the sheath in the manufacture of the heating element. On 
the scientific side the cubic unit cell of magnesium oxide makes it a very suitable 
material to use as a host lattice for the examination of magnetic interactions between 
paramagnetic ions which may be introduced, usually substitutionally for magnesium, 
by including of controlled amount of the dopant oxide during crystal growth. There 
have been a number of studies of both the dielectric behaviour of doped magnesium 
10 
oxide [1.13-1.18] and of the e.p.r behaviour of several paramagnetic ions particularly 
ions of the iron group [1.19-1.23]. In these magnetically dilute solids the magnetic 
interaction between the paramagnetic centers is dipolar broadening and the MgO sys-
tem provides a very good basis with which to test dipolar broadening theories. The 
work described in Part II is entirely concerned with e. p.r studies on Cr /MgO and 
extends the work previously reported ( c.f [1.24]) in two directions. These extensions 
primarily concerned the investigation of two factors which may require corrections 
to observed experimental data to be made before comparisons with theoretical mod-
els are possibile. In Chapter Seven the effect of lattice strain in broadening the e.p.r 
linewidth in Cr/MgO single crystals is discussed and in Chapter Eight another factor, 
that of magnesium chromite formation, is described and its effect in e.p.r linewidth 
discussed. 
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Part I 
Studies on 
Superconducting Oxides 
CHAPTER TWO 
STRUCTURAL STUDIES OF YBCO 
2.1 X-ray Diffraction Method. 
2.1.1 Introduction. 
Both x-ray diffraction and neutron diffraction methods have been used exten-
sively to determine the unit cell and the lattice parameters of YBCO. The structure of 
Y Ba2Cu307-xis shown in Figure 2.1 [2.1]. It consists of corner-linked Cu04 square-
pyramidal groups nominally containing Cu2+ connected as sheets in the a-b plane. 
There are also distorted square-planar Cu04 groups (which are nominally Cu3+) 
corner-linked parallel to the b direction. It has been shown as, will appear later, that 
the superconducting behaviour of YBCO is critically dependent on precise details of 
the structure and in particular the stoichiometry of the material. No complete the-
ory has been put forw4rd but most models assume that these planes and chains are 
involved. For example Nishino et al [2.2] have proposed a model for superconducting 
Cu oxides based on the hybridization of the oxygen P band with the d band of Cu 
while Macfarlane et al [2.3] examined in detail the effect of oxygen stoichiometry on 
the phonon spectrum. Here conventional photographic powder diffraction methods 
have been used to characterize a number of YBCO samples which had been prepared 
by different methods. The spectra were obtained with a Phillips 11.50 em diameter 
camera using filtered CuKa radiation. 
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The interplanar spacings ( d-values) were obtained by measuring the line positions 
with a vernier ruler, deriving the corresponding Bragg angles 0 and obtaining d from 
the Bragg equation. 
(2.1) 
This gives data in the form shown in Table 2.1 which lists the d-values of all the lines 
observed for specimen (1A) together with a visual estimate of their relative intensities. 
The spectra for other samples were obtained and analysed in a similar way. 
2.1.2 Comparison of Observed d-values with Previous Data 
There is considerable disagreement between the results for d-values which have 
been published by different authors. This makes it difficult to find the correct stan-
dard of reference on which to base further analyses for the derivation of the unit 
cell parameters. Here West's paper [2.4] has been used as the most reliable recent 
publication. A comparison of the d-values observed for specimen (lA) and West's 
data is given in Table 2.2. The fit of both the number of lines observed and the 
d-values is very good. The agreement between the d-value derived from the photo-
graphically recorded spectra and West's calculation values is within 0.5%; the error 
in d-value determination was estimated as ±0.008A. West's calculation, based on an 
orthorhombic unit cell, showed that 32 lines should be present in the spectrum and 
of these 21 lines have been observed, the remainder being of too weak intensity to 
be recorded. Three lines were seen which were not in West's calculated listing; these 
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No of Line d-value (A) I No of Line d-value (A) I 
1 3.826 w 11 1. 731 w 
2 2.863 m 12 1.660 w 
3 2.725 vs 13 1.650 w 
4 2.333 m 14 1.579 s 
5 2.228 m 15 1.488 vw 
6 2.033 vw 16 1.428 vw 
7 1.977 vw 17 1.371 vw 
8 1.943 m 18 1.361 m 
9 1.911 111 19 1.293 w 
10 1.772 w 20 1.227 m 
21 1.211 m 
Table 2.1 : lnterplanar spacings for specimen (lA) 
West's data Specimen 1A 
hkl d(obs.)A d(calc.)A I d(obs.)A I 
002 5.8700 5.8469 vw -
003 - 3.8980 - -
010 3.8889 3.8871 m -
100 3.8202 3.8206 w 3.826 w 
012 3.2377 3.2370 w 
-
102 3.1977 3.1983 w -
013 . 2.7524 2.7524 s -
103 - 2.7285 - -
110 2.7265 2.7248 vs 2.725 vs 
111 2.6536 2.6537 vw -
112 2.4694 2.4698 w -
005 2.3373 2.3388 m 2.333 m 
014 - 2.3364 - -
104 2.3206 2.3217 w -
113 2.2321 2.2332 m 2.228 m 
020 1.9439 1.9435 s 1.943 m 
200 1.9092 1.9103 m 1.911 m 
115 1.7741 1.7747 w· 1.772 w 
120 1.7321 1.7323 vw 1.731 w 
210 1.7146 1.7144 vw -
121 - 1.7136 - -
007 1.6705 1.6706 vw -
122 1.6604 1.6609 vw 1.660 w 
212 1.6461 1.6452 vw 1.650 w 
123 1.5832 1.5830 s 1.579 s 
213 1.5693 1.5694 m -
025 1.4942 1.4948 vw -
205 - 1.4795 - -
214 1.4787 1.4789 vw 1.488 vw 
117 1.4247 1.4242 vw 1.428 vw 
026 1.3765 1.3762 vw 1.371 vw 
220 1.3625 1.3624 m 1.361 Ill 
Table 2.2 : Comparison of d-values of specimen (lA) with West's published listing, 
ur=ur,,.k rn=rnf"rliHnL s=stron!!. v=verv. 
had d-values of 2.863 A (m), 2.033 A (vw) and 1.977 A (vw) but have not yet been 
identified. Comparison of the same experimental x-ray spectrum of lA with other 
published listings of d-values [2.5 - 2.9] shows the wide range of discrepancy encoun-
tered. This comparison is made in Table 2.3 (It will be seen later that the d-values 
depend on the stoichiometry and this may provide a reason for some of the lack of 
agreement shown in Table 2.3). 
2.1.3 Derivation of Lattice Parameters and Oxygen Stoichiometry. 
It can be seen from Tables 2.2 and 2.3 that the closest fit is with West's data 
which is for an orthorhombic unit cell of composition Y Ba2Cu306.90· The rela-
tion between the interplaner spacing (d) and the lattice parameters (a, b,c) for an 
orthorhombic cell is 
(2.2) 
and the a, b, c values can be obtained most easily from the d-values of the (200), 
(020) and (005) reflections respectively. For specimen lA it is found that a=3.822A, 
b=3.886A, c= 11.665A. These may be compared with West's values of a=3.8206A, 
b=3.887 A, c=l1.693A and it can be seen that there is fair correlation. 
It is useful here to summarise some of West's results. The crystal structure and 
electrical properties of Y Ba2Cu30x depend on the value of x. At high x values, eg. 
7.0, the phase is orthorhombic and becomes superconducting at low temperature. 
At lower values, eg. 6.0, the phase is tetragonal and non-superconducting at all 
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2e d-values (A) 
1A R.Beyer A.Reller R.Cava Binod Kumar D.Blank 
et al[2.5] et al[2.6] et al[2.7] et al[2.8] et al[2.9] 
23.25 3.826 3.821 3.825 3.822 3.826 3.820 
31.25 2.863 
32.875 2.725 2.727 2.726 2.726 2.726 
38.60 2.333 2.336 2.332 2.336 2.332 2.334 
40.50 2.228 2.231 2.232 
44.575 2.033 
45.90 1.977 
46.75 1.943 1.948 1.943 1.946 1.943 1.945 
47.60 1.911 1.910 1.912 1.911 1.912 1.910 
51.575 1.772 1.774 1.772 1.775 1.770 1.773 
52.90 1.731 1.732 1.734 1. 731 1.733 
55.35 1.660 1.661 1.660 1.662 1.661 1.662 
55.70 1.650 1.646 
58.45 1.579 1.584 1.580 
62.425 1.488 1.491 1.494 
65.375 1.428 
68.425 1.371 1.374 1.375 
69.00 1.361 1.362 1.363 
73.225 1.293 1.296 
77.875 1.227 1.227 
79.10 1.211 1.211 
Table 2.3 : Comparison of d-values for specimen (1A) with other published data. 
temperatures. The value of x in a particular sample depends on processing conditions, 
especially temperature and oxygen partial pressure. 
The orthorhombic-tetragonal transition occurs with decreasing x and appears 
to be a continuous, second order transition [2.10] The transition has been observed 
directly by high temperature x-ray and neutron diffraction [2.11,2.12]. Starting with 
a sample of x=7.0, the sample starts to lose oxygen on heating in air above 400° C 
[2.11,2.13-2.15]. By about 650° C, sufficient oxygen has been lost for x to decrease 
to 6.5; at the same time, the orthorhombic distortion of the sample has gradually 
decreased until the structure appears to be tetragonal at temperature > 650°C, cor-
responding to x<6.5 [2.11]. On heating in different atmospheres, the transition may 
be displaced to higher or lower temperatures, depending on the partial pressure of 
oxygen: thus, in pure oxygen, it occurs near 700° C, but in an atmosphere of 2% oxy-
gyen, it occurs at about 620°C [2.11]. The critical factor in controlling the transition 
appears to be the composition x. Even though xis itself temperature and atmosphere 
dependent, under equilibrium conditions at high temperatures the transition appears 
always to occur at x=6.5. 
In West's work stock samples of Y Ba2Cu30x were prepared by solid state re-
action of Y203, CuO and BaC03 in Au foil boats in electric muffle furnaces in air. 
Samples were heated at 700- 800°C for a few hours to drive off C02, crushed and 
heated at 900 - 950°C for 12-24 hours to complete the reaction. The samples were 
then cooled slowly to 400° C, removed from the furnace and crushed to a fine pow-
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der. Completeness of reaction was confirmed by x-ray powder diffraction with a Hagg 
Guinier camera using CuKcq radiation. For accurate d-spacing measurements, KCl 
was added as an internal standard and the films measured with a travelling micro-
scope. The powder patterns were indexed and accurate lattice parameters obtained 
by least squares refinement of the complete powder pattern, for d-spacings down to 
1.5A. 
In order to determine the oxygen content x of samples, West et al used ther-
mogravimetry, based on the widely observed result that x=7.0 in samples heated to 
constant weight in pure oxygen at 400° C. Samples of Y Ba2Cu30x with initially 
x=7.0 were heated in isothermal steps and graphs of x against temperature con-
structed. This was done for three gas atmospheres, oxygen, air and 5% oxygen, 95% 
nitrogen. The results are shown in Figure 2.2 and are in good agreement with those 
of some other thermogravimetry studies [2.13-2.15]. From these graphs, the equilib-
rium value of x could be determined for any temperature in the range covered. By 
using these calibration curves of temperature against composition, Figure 2.2, lattice 
parameters were obtained as a function of composition, Figure 2.3. From these, the 
following observations may be made. First, the lattice parameters are very similar for 
all three data sets and are essentially independent of atmosphere or annealing temper-
ature. Second, the orthorhombic-tetragonal transition occurs at x=6.41 ±0.01, which 
is significantly lower than the high temperature value of 6.5. Third, the composition 
dependence of c shows a marked change in slope at x=6.55 ± 0.05. The anomalous c 
behaviour, Figure 2.3, which is reflected even more clearly in a similar anomaly in the 
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Figure 2.3 Variation of lattice parameters with oxygen content 
unit cell volume, Figure 2.4, occurs over the approximate composition range 6.5 to 6.4 
which again coincides with those compositions which transform to orthorhombic on 
quenching, with creation of 0(4) vacancies. Thus, creation of 0(4) vacancies in the 
(O,O,z) positions leads to a decrease in the net electrostatic attractive force in the c 
direction and consequently to an anomalous increase in c. This anomalous increase is 
superposed on a more gradual increase inc and cell volume with decreasing x, which 
may be accounted for by the gradual decrease in bonding forces with reduction of 
the sample. In the present work West's graphical data has been used to obtain the 
oxygen content of the various YBCO specimens examined from the measured lattice 
parameters. 
In the case of the specimens considered so far, i.e 1A, the oxygen content deter-
mined from the a and b values are 6.9 and 6.9 respectively; the c value of 11.665 A 
would yield an oxygen content of greater than 7.00. The unit cell volume (173.25 
(A )3) would, according to Figure 2.4, also gives an oxygen content greater than 
7.00. The oxygen content may also be estimated from data given in the paper 
by Specht et al [2.16]. These authors also examined the effect of oxygen pressure 
on the orthorhombic-tetragonal transition in the high-temperature superconductor 
Y Ba2Cu30x by high-resolution x-ray diffraction measurements. They gave data re-
lating the unit cell volume of theY Ba2Cu30x and the values ofx which is reproduced 
here as Table 2.4. This Table has been used to estimate x from both the c dimension 
and the unit cell volume. The collected data for specimen lA is given in Table 2.5 
which shows that x is greater than 6.9. 
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Unit-cell volume ortho. (..43) x oxygen atoms c/3 ortho. (A3 ) 
173.5(2) 6.97(2) 3.893(2) 
174.6(2) 6.97(2) 3.906(2) 
175.5(2) 6.97(2) 3.914(2) 
176.0(2) 6.96(3) 3.921(2) 
177.2(2) 6.95(2) 3.934(2) 
178.4(2) 6.84(2) 3.949(2) 
180.1(2) 6.71(2) 3.962(2) 
181.4(2) 6.56(2) 3.978(2) 
Table 2.4: Variation of unit cell volume with oxygen content 
Specimen lA Oxygen Content Oxygen Content 
Cell Parameter West's et al Specht et al 
a 3.822 6.9 -
b 3.886 6.9 -
c 11.665 >7.0 >6.97 
c/3 3.888 - -
Volume 173.25 >7.0 >6.97 
Table 2.5: Estimates of oxygen content of specimen lA derived from 
unit cell parameters. 
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Figure 2.4 Variation of unit cell volume with oxygen content 
2.1.4 XRD on other as received samples. 
In a similar manner x-ray diffraction spectra were recorded photographically for 
a series of YBCO samples which had been obtained from various sources and had 
been made by different methods from different types and grades of starting material. 
These preparation methods are given, to the extent that they are known, in Table 2.6. 
A comparison of the numbers of lines seen in each spectrum (and the corresponding 
d-values) for five other samples is made in Table 2. 7. The lattice parameter values 
and the estimates of oxygen content are given in Table 2.8. It is interesting to note, 
as will be discussed in detail in Chapter Three, that specimens 2A and 3A showed 
some superconducting behaviour. However specimen 4A, whose lattice parameters 
were very different from those of Y Ba2Cu307, did not show any superconductvity. 
2.1.5 The Effect of Annealing. 
It is commonly held that after initial preparation samples of YBCO may de-
grade due to absorption of atmospheric water vapour which converts the oxide to 
a hydroxide. To overcome this samples are usually annealed in oxygen, often at 
450°C, for several hours. It is thought that this decomposes any hydroxide and also 
restores the oxygen stoichiometry. The effect of annealing at various temperatures 
and partial pressures has been examined in detail by the authors to whom reference 
has been already been made [2.4, 2.16]. The annealing temperature must be kept 
below about 4.50°C in order to prevent loss of oxygen from samples of original com-
20 
Specmin, Starting Materials and 
Reference Preparation Method 
lA Oxide route; spectroscopically pure BaO, Y203; small scale 
Peroxide route; commercial gradeBa02, Y203, 
2A CuO; large scale production material 
Peroxide route; Y203 (99.99%), 
3A Ba02 (GPR grade), CuO (Analor) 
Oxalate route (small scale milled oxalate); 
4A Y203, Ba(C00)2.H20, CuO 
5A and 6A New synthetic methods to reduce impurity levels 
Table 2.6 : Methods of preparation and starting materials used in 
manufacture of specimens examined. [In specimens lA to 4A the iron 
content was about 700ppm as compared with less than 30ppm for 5A and 
6A] 
hkl 1A(A) 2A(A) 3A(A) 4A(A) 5A(A) 6A(A) 
100 3.826 - 3.826 - - -
110 2.725 2.727 2.723 2.717 2.728 2.716 
005 2.333 2.326 2.338 2.299 2.327 2.325 
113 2.228 2.227 2.221 - 2.231 2.231 
020 1.943 1.945 - - 1.941 -
200 1.911 1.911 - 1.929 - 1.919 
115 1.772 - - - - 1.778 
120 1. 731 - 1. 731 1.735 1.735 1.730 
122 1.660 - - - 1.666 -
212 1.650 - 1.656 1.646 - 1.657 
123 1.579 1.575 1.577 1.577 1.583 1.580 
214 1.488 - 1.480 1.506 1.495 1.490 
117 1.428 - 1.420 - 1.425 1.420 
026 1.371 - - - - -
220 1.361 1.351 1.360 1.366 1.369 1.365 
Table 2. 7: Comparison of d-values of YBCO specimens made by dif-
ferent methods. 
2A(A) 3A(A) 4A(A) 
it 3.822 3.826 3.858 
b 3.890 3.883 3.780 
c 11.67 11.69 11.50 
c/3 3.890 3.896 3.833 
Unit cell volume 173.50 173.67 167.70 
Oxygen content c/3(Specht) 6.97 6.97 <Limit 
Volume (Specht) 6.97 6.97 Well below limit 
Table 2.8: Unit cell characterization and oxygen content 
for other YBCO specimens. 
Lattic 0 HRS Specimen 2A Specimen 3A West's Value For 
Parameter A 2A 3A 86 HRS at 450° C 60 HRS at 300° C YBa2Cu30+ 
a 3.822 3.826 3.812 3.836 3.8206 
b 3.890 3.883 3.894 3.882 3.887 
c 11.67 11.69 11.61 11.66 11.693 
c/3 3.89 3.896 3.87 3.876 3.897 
Volume jp 173.50 173.67 172.33 173.63 173.69 
Table 2.9: Effect of annealing in oxygen on lattice parameters and unit cell volume. 
position Y Ba2Cu307, which is the only superconducting phase. The present interest 
in annealing arose for two reasons. In the first place annealing was used to find out 
whether samples of nominal composition Y Ba2Cu307 which did not superconduct 
could be restored to the superconducting phase by oxygen heat treatment. In the 
second place (see Chapter Three ) it was hoped to increase the percentage of super-
conducting material present in those samples which did show some superconducting 
behaviour by similar oxygen heat treatment. Table 2.9 shows the changes in lattice 
parameter and unit cell volume observed after annealing in oxygen for two specimens, 
2A and 3A. For comparison West's values for the composition Y Ba2Cu307 are in-
cluded. It appears that for both specimens the heat treatment has produced some 
reduction in the c parameter which causes a corresponding reduction in the unit cell 
volume. However the lattice parameters are still noticably different from those given 
by West for the superconducting phase Y Ba2Cu307. In the powder photographic 
method used an accuracy of ±0.008A was attainable; the changes observed were well 
above the experimental error and thus can be used to establish major differences; 
more refined diffraction techniques would be required to follow the lattice parameter 
changes in more precise detail. 
2.2 X-ray Fluorescence. 
In x-ray diffraction (XRD) the diffraction pattern obtained by diffracting a 
monochromatic x-ray beam from a crystal lattice is obtained. The XRD spectrum 
is unique to a particular unit cell geometry and thus forms the basis of "analysis by 
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structure". In x-ray fluorescence on the other hand the material is a irradiated by 
high energy x-rays such that the characteristic radiation from each element in the 
sample is excited. Thus XRF provides a method for elemental analysis but does not 
by itself give any information on the type or structure of the unit cell. It is a well 
developed technique which can with care be used for either qualitative or quantitative 
analyses. The general principles of a fluorescence x-ray spectrometer are shown in 
Figure 2.5. The principles are discussed fully by Cullity [2.17]. It is usual to use a 
tungsten target operating at 100kV to provide the primary high energy x-ray beam. 
The separation of the fluorescence wavelengths is achieved by the use of a rotatable 
single crystal analyser using a fixed interplaner spacing d. The form of the XRF spec-
trum, illustrated in Figure 2.6, shows that each line can be attributed to a particular 
emission from a particular element. Here a conventional XRF spectrometer was used 
to analyse several of the YBCO specimens. The result from the instrument appears 
in the form of a table of counts per second (obtained over a given period of time, 
usually four seconds) at each 20 value at which any line is observed over the range 
from 20=10° to 20=125°. The elements are identified from the 20 values by refer-
ence to wavelength tables. An example showing part of the recorded data is given in 
Table 2.10 which shows the comparative counting rates observed for the major lines 
and some impurities. The quantitative analysis is made using a standard reference 
sample. Here the reference standard was Igneous Rock whose composition was ac-
curately known from chemical analysis. For a given element the intensity in counts 
per second is found for a given emission line. The intensity of the same emission line 
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Line 2() CPS 
Y Kf32 29.800 4213 
Y K131 30.20 48803 
YKa1 34.00 130981 
YKa1(2) 71.200 1339 
YK:,2(2) 71.600 896 
Ba Kf32 13.400 7894 
BaK131 13.800 30547 
BaKal 15.600 120237 
BaKf32(2) 27.800 3266 
Ba Kal (2) 31.400 11386 
BaKa2 31.800 6462 
BaL-y4 93.800 361 
BaL-y2 97.200 976 
BaL-yl 104.000 3345 
CuKf31 58.600 18378 
CuKa1 65.600 110405 
Table 2.10 : Form of data obtained from XRF spectrometer (for 
major constituents; counting period 4 seconds). 
Impurity 1A 2A 4A Accuracy 
Fe 690 690 780 ±20 ppm 
Sr 26 2950 50 ±5ppm 
Zn 65 120 12 ±5ppm 
Cr [j 5 10 ±2ppm 
Rb 5 15 5 ±2ppm 
Ga 5 30 5 ±2ppm 
Mu 300 300 800 ±20 ppm 
Table 2.11 : XRF analysis of YBCO specimen; concentration given in ppm. 
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from the standard is then observed and the concentration of the element is obtained 
by direct comparison of intensities. The major impurities found are listed in Table 
2.11, which shows that the major impurities are iron, manganese and zinc present in 
amounts of about 700ppm, 500ppm and lOOppm respectively. It is also evident that 
2A is abnormal in that there appears to be a very high strontium content which is 
not seen in the other samples. The spectrometer could not detect oxygen directly but 
was used specifically to detect iron group elements. The ferromagnetic elements are 
particularly important because if present the very large positive susceptibility distorts 
both the susceptibility and magnetization measurements making it very difficult to 
detect a small amount of diamagnetic behaviour. Here the XRF analysis shows that 
iron is present at about 780ppm level in all the samples; it is thought that the major 
source of iron contamination originates in the copper oxide. The XRF alone cannot 
distinguish whether the iron is present as an element or combined as a (ferromagnetic) 
compound. The XRF technique can also be used to determine the Y:Ba:Cu ratio but 
this involves correction of the intensities observed in the XRF spectrum for factors 
such as atomic number (which determines the emission wavelength), absorption and 
self fluorescence and these computer software packages were not available here. 
2.3 Scanning Electron Microscopy (SEM): 
2.3.1 General Principle: 
A Cambridge Stereoscan 8600 SEM was used to investigate the surface topogra-
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phies of the samples of superconductor material. A schematic diagram of the SEM 
is shown in Figure 2. 7. The SEM may be operated in several modes (e.g. secondary 
emission mode, energy dispersive analysis by x-rays (EDAX), electron beam induced 
current (EBIC) mode etc ) by imaging the signals derived from different interac-
tions which occur between the incident electron beam and the specimen [2.18]. The 
secondary emission and EDAX modes were used in the present investigation. 
The basic principle of operation in this mode is that as the electron beam is 
scanned across the sample, secondary electrons are emitted from the specimen sur-
face. The secondary electron coefficient depends critically on the composition and 
orientation of the area illuminated by the primary electron beam. Consequently by 
imaging the variations in secondary emission high contrast can be obtained. The 
secondary electron beam on the sample is synchronised to the output signal from the 
cathode ray tube with the same raster generator to avoid any time-lag in the image 
formation. In this way a micograph of the sample is produced on the screen. There 
is a problem, however, with an insulating sample, the surfaces of which become elec-
trostatically charged by the electron beam. This induced field deflects the electron 
beam and so destroys the SEM image of the sample. In the present investigations 
special precautions were necessary with some samples. 
The EDAX mode depends onfiifferent principle. As the operating voltage of 
the SEM is 25 kV x-rays are produced by the interaction of the electron beam with 
the sample. Each element produces its own characteristic x-ray spectrum which 
24 
----Cathode 
~ :::J Grid Cop or \·/elmel t Cylinder 
------Anode 
[Q g ---First ComJen ser Lens 
[Q ~~-Second Condenser Lens 
r--- Ooubl~ D2fledion Coil 
Final Lens fiT! SeconcJory 
/Detector 
Electron 
f .--p ~~--~~ 
~- ~ 
t -::> 
Specimen j /eRr\ 
Photomultiplier 
Tube Amplifier 
To Double 
Deflection Coil ~-- .... 
t 
Scan 
Generator 
'-.-r-'-11 
I fvlagnification 
Control 
Figure 2.7 General arrangement of SEI't 
may be analysed to identify the element. The x-rays emitted from the surface of the 
sample pass through a thin beryllium window into a precooled Lithium drifted Silicon 
detector. This leads to the ejection of photo-electrons which give up most of their 
energy in the formation of electron-hole pairs. The reverse bias on the p-n junction 
in the detector forces the electron-hole pairs to form a charge pulse. This charge 
pulse is converted into a voltage pulse by a suitable charge sensitive pre-amplifier. 
The amplitude of the voltage pulse is proportional to the magnitude of the charge 
released by the photoelectron which in turn is proportional to the energy of the 
incident x-ray photons originating from the elements of the sample. Thus an energy 
spectrum of the x-rays can be built up and analysed in a multichannel analyser to 
identify the elements present in the sample. The resulting spectrum can be displayed 
on the screen or printed out to give a permanent record. The main advantage of 
EDAX is that, since the diameter of the electron beam used in the SEM is only about 
1/-Lm, analysis of small volumes becomes possible. 
2.3.2 SEM/EDAX Analysis of YBCO Powders. 
The first SEM/EDAX analysis WtA$, undertaken on powders which were affixed 
to the specimen mount using silver paste. An example is shown in Figure 2.8 which 
refers to specimen 1A. It is evident that there is a large range of grain size and shape. 
The majority of particles have dimensions of 4!-Lm, but a number are as large as 101-Lm 
while there are in addition smaller randomly distributed particles of size < lJ.Lm. 
The particle shapes are irregular. However there are several larger particles which 
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(a) 
(L) 
Figure 2.8: SEI'vl micrographs lA, powclcr. 
show distinct crystallographic features and display flat surfaces with angled faces, 
suggesting small single crystals. Some of these large grains, e.g. in Figure 2.8(b ), 
appear to be encrusted with smaller material of irregular shape. The smallest grains 
appear to be more nearly spherical, randomly distributed and of size less than about 
1J.L. Other specimens were examined in both powder and sintered pellet form. The 
comparative result for specimen 3A powder is shown in Figure 2.9 in which Figure 
2.9(b) shows a higher magnification view of part of the area shown in Figure 2.9(a). 
In Figure 2.9 the general features are similar to those of the pure specimen 1A; there 
is again a range of grain size with a mean size about 5J.L. After converting this powder 
to a sintered pellet (made by pressing at 150 atmospheres and sintering at 950°C) it 
can be seen that there is a noticeable change in the microstructure. The micrographs 
given in Figure 2.10(a) and Figure 2.10(b) were obtained from different regions near 
·the center of the pellet; the micrograph shown in Figure 2.10(c) is of a region near 
the edge of the pellet, taken at a higher magnification. Referring to Figure 2.10(a) 
and 2.10(b) it can be seen that the average grain size has increased to about 10 J.Llll. 
Comparison with Figure 2.9 shows that a major difference is that the shape of many 
of the grains has changed. Whereas in the powder most grains were irregular in 
shape, in the pellet many are mainly square and some are packed into rows. Many 
of these individual square or rectangular grains are packed into rows in a regular 
manner with their edges in contact. Even in areas, e.g. Figure 2.10(b ), where the 
alignment of the grains is not so marked there still appears to be good grain-to-grain 
contact. In places the square grains are arranged in very well ordered rows suggesting 
26 
(a ) 
(b) 
Figure 2.D : SE :Lvi micrograp hs 3 A, powder. 
' 
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(b) 
(a) 
Figure 2.10: SE1\I micrographs of 3A, sintcre cl pellet. 
' 
' 
(c) 
Figure 2.10: SEM micrographs of 3A, sintered pellet. 
some degree of alignment of orientation. There are in addition many grains which 
are smaller (up to 5J.Lm) and which are rounded in shape and interspersed at random 
among the larger square grains. Referring now to Figure 2.10( c), which was taken near 
the edge of the pellet, it is clear that the microstructure is quite different from that 
near the center of the pellet. There is a mixture of a few well spaced large grains and 
background of much smaller particles. The large grains do exhibit crystallographic 
features and their size is about 6 to 8J.Lm; some appear to have hexagonal symmetry. 
The small grains show size variations from about 111m to less than 0.25J.Lm; the larger 
of these are nearly square whereas the smallest ones seem rounded. Comparing this 
region of the sintered 3A pellet with the micrograph of lA powder taken at the same 
magnification (Figure 2.8) shows that in the former the grains have much cleaner 
faces suggesting some degree of melting and grain growth which is consistent with 
the sintering treatment. 
For spec1men 5A two typical micrographs are shown in Figure 2.1l(a) and 
2.11(b);these correspond to two different areas of the sintered pellet, (a) being near 
the center of the pellet and (b) being near the edge. At the center the grain size 
is small, the largest only being about 4J.Lm with many in the range 1 to 211m; the 
grains appear to be rounded and loosely packed with no evidence for melting at the 
grain boundary. Near the edge (Figure 2.11 (b)) the grain structure is indistinct; there 
appears to be a fibre like structure superimposed on a fused matrix. As regards spec-
imen 7 A, Figure 2.12( a) shows two micrographs taken at different magnification at 
a region near the center of the sintered pellet; the grains are well formed and fairly 
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(a ) 
(b) 
Figure 2.11: SEM microJraphs 5A, sintered pellet. 
Figure 2.12 (a): SEM micrographs 7 A , sintered pellet . 
Figure 2.12 (b): SEl\tl micrographs 7A, sintered pellet. 
uniform in shape and size with a mean grain size of lOJ.Lm. At a region near to the 
edge, Figure 2.12(b ), the average grain size appears to be a little smaller and there 
are also a number of very small features not so apparent in Figure 2.12( a). 
In considering the EDAX data reservations must be made as regards the extent to 
which directly observed elemental intensities may be used to estimate stoichiometric 
ratios. The observed intensities must be corrected to allow for the variation of emis-
sian wavelength with atomic number, preferential absorption and self-fluorescence (in 
a similar manner to XRF quantitative analysis). These corrections are particularly 
important with powders. Computer packages for making these correction can be 
obtained but were not available on the equipment used here. 
It is however valid to seek to obtain comparative variations in the levels of 
individual elements at different positions on the specimen either by (a) making a 
series of large area scans under identical instrumental conditions or (b) using the spot 
mode of operation (which gives a beam size of 1/-Lm) to isolate and analyse individual 
grains. Here both approaches have been adopted, concentrating on the intensity 
variation in the Y(La), Ba(La) and Cu(Ka) lines respectively. Two examples of 
EDAX spectra of superconducting powders are given in Figures 2.13 and 2.14 from 
which the differences in corresponding peak height are evident. The quantitative 
results for specimen 1A (powder)are given in Table 2.12. Large area (lOOJ.Lm x 57~-Lm) 
analyses were made at twelve different positions, Table 2.12 (a); these show that the 
Ba level is nearly constant, that the Cu level varies (with one extreme exception) by 
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Position Intensity (mm) 
Y(L) Ba(L) Cu(K) 
1 15 178 192 
2 24 192 169 
3 192 115 56 
4 23 191 165 
5 52 189 128 
6 138 191 107 
7 71 165 190 
8 15 190 159 
9 95 190 116 
10 20 120 190 
11 38 166 192 
12 20 121 189 
Table 2.12 (a) : EDAX Large area analysis. 
Position Intensity (mm) Grain size (tun) 
Y(L) Ba(L) Cu(K) 
Area (a) 
13 12 192 106 4 
14 61 191 79 4 
15 20 192 94 4 
Area (b) 
1G 60 191 114 10 
17 57 192 135 10 
Area (c) 
18 42 192 78 10 
19 76 192 113 10 
20 118 192 96 > 10 
21 23 191 189 > 10 
Table 2.12 (b) : EDAX Individual grain analysis 
Table 2.12 : EDAX analysis of YBCO powders; specimen 1A 
Sample 1A Bal 
Area 9 
Bal 
y L Cuka 
Bal 
CuKjJ 
10 
Figure 2.13: EOAX spectrum; spec1men 1A, area 9. 
Sample 1A Bal 
Area 16 
Bol 
y L Cuk 
Bol 
CuK 
Figure 2.14: EDAX spectrum; specimen 1A,areo 16. 
about 40% and that the Y content is the most variable, changing by factors of up 
to eight times. The corresponding individual grain analyses, Table 2.12 (b), show 
the same trends though not quite to as great an extent. Nine individual grains, 
three having a size of 4t-tm, four of 10t-tm and two > 10t-tm, were examined. The Ba 
intensity was constant to within 1 %; the Cu intensity showed 20% variation over a 
selection of 4t-tm and 10t-tm grains, with wider discrepancies for some grains of larger 
size(> 10t-tm). Again theY level showed most variation, changing by factors of about 
five between different grains. This evidence suggested that there were considerable 
differences in the Y:Ba:Cu stoichiometric ratios between different grains though it is 
not possible to express these differences quantitively in terms of departures from the 
ideal 1:2:3 ratio. 
Two other YBCO powder specimens, 3A and 4A were examined in a similar way 
(3A showed superconductivity at 86 K whereas 4A did not). The EDAX results are 
given in Tables 2.13 and 2.14 which include both large area and single grain analyses. 
Comparison of Table 2.13 (specimen 3A) with Table 2.12 (specimen 1A) shows 
that the Ba level is remarkably constant averaging 190 mm in each case and the levels 
of both the Cu and Y signals are very similar for each material. Similar comments 
apply to the comparison both of Table 2.14 (4A) with Table 2.12 (1A) and of Table 
2.13 ( 3A) with Table 2.14 ( 4A). The main point which emerges from the EDAX 
studies is that there must be quite large differences in the stoichiometric ratio of 
Y:Ba:Cu between different grains in each of the materials examined. As discussed in 
29 
Position Intensity (mm) Grain size (ltm) 
Y(L) Ba(L) Cu(K) 
Large area analysis 
1 93 191 125 
2 73 192 125 
3 52 192 135 
4 37 192 172 
5 86 191 115 
Individual grain analysis 
6 24 191 145 2 
7 24 191 120 4 
8 58 190 133 4 
9 34 192 131 10 
Table 2.13 : EDAX analysis of YBCO powder 3A. 
Position Intensity (mm) 
Y(L) Ba(L) Cu(K) 
1 53 192 147 
2 35 190 175 
3 71 192 189 
4 51 186 191 
5 27 191 130 
6 128 191 114 
7 26 189 191 
8 60 192 130 
9 41 192 152 
Table 2.14 : EDAX analysis of YBCO powder 4A; large area 
( 100ftm x 5 71L1n) averages at different positions. 
Chapter Three it has been concluded that even in the best sample less than 10% of the 
material is superconducting. The EDAX data supports this conclusion particularly if 
account is taken mainly of the individual grain analysis, which are the most reliable 
from the EDAX point of view. 
Similar studies were made on some solid pellets. These had been made from 
the powders 3A and 5A by pressing at 150 atmospheres and sintering at 950°C for 
four hours. The collected data for individual grains of size varying from about 2J.Lm 
to > 10J.Lm is given in Tables 2.15 and 2.16. Here also the Ba content is constant 
to within 1%, the Cu content appears to be more constant than was observed in the 
corresponding powder and varies only by about 15%, and the Y content also seems 
to be less variable. 
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No Intensity (mm) Grain size (f.Lm) 
Y(L) Ba(L) Cu(K) 
Circular grains 
1 75 192 92 10 
2 85 192 106 10 
3 82 191 104 10 
4 67 190 135 10 
5 100 192 116 10 
Rectangular grains 
6 82 192 166 10 
7 60 192 132 10 
8 71 191 110 10 
9 103 191 110 10 
10 128 191 83 10 
Table 2.15 : EDAX analysis of YBCO pellet; specimen 3A. 
No Intensity (mm) Grain size ({tm) 
Y(L) Ba(L) Cu(K) 
Circular grains 
1 192 149 170 10 
2 192 104 72 10 
3 105 190 145 10 
4 112 192 123 10 
5 65 191 147 >10 
6 55 105 190 >10 
7 120 193 180 >10 
Rectangular grains 
8 97 191 102 <10 
9 107 192 177 <10 
10 123 192 114 <10 
11 143 192 116 < 10 
12 127 190 123 < 10 
13 95 192 130 <10 
14 95 192 130 <10 
Table 2.16 : EDAX analysis of YBCO pellet; specimen 5A. 
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CHAPTER THREE 
INDUCTANCE-PROBE TECHNIQUES; MEASUREMENT 
OF Tc AND SUPERCONDUCTING PERCENTAGE 
3.1 Construction and Operation of Coil. 
At the superconducting transition temperature magnetic flux is expelled from 
the specimen according to the Meissner effect [3.1] . As a result of this, if a coil of wire 
is wound around a superconductor the inductance of the coil should fall dramatically 
at the critical transition temperature (Tc), assuming that the coil is completely filled 
with the superconductor. For the YBCO specimens examined the critical temperature 
(Tc) was expected to be near 86 K [3.2]. Consequently it was sufficient to provide 
cryogenic facilities which enabled temperatures down to about that of liquid nitrogen 
( 77 K) to' be obtained. A piece of insulator (Tufnol) was turned down to the shape 
shown in Figure (3.1); the coil was formed from three thousand turns of 48 gauge 
copper wire wrapped around the insulator. Enough powder was pressed lightly into 
the central region C of the holder to ensure that the coil was completely filled, i.e the 
powder occupied the whole space between levels A and B . The apparatus used for 
low temperature measurement is shown in Figure (3.2). The stainless steel cryostat 
used for measurements at temperatures in the range between 293 K and 80K had 
three chambers: (a) the outermost chamber, (b) the mid-chamber, (c)the innermost 
chamber. The mid-chamber was a reservoir for liquid nitrogen. The specimen was 
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Figure 3.2: Cryostat arra.ngements for L-T measurements (293K to 
77K) 
suspended in the innermost chamber and was held in place by a tube of stainless steel 
which also acted as a heat insulator between the low temperature specimen and the 
room temperature cryostat head . A Cuj constantan thermocouple, mounted near the 
specimen and connected to a temperature recorder (a Type 207 Digital Indicator), 
gave a direct temperature reading of the specimen; (note that the thermocouple is in 
contact with the powder so that there will be no difference between the temperature 
recorded and that of the powder). A small volume of liquid nitrogen was placed 
down the innermost chamber. The remainder of the inner chamber was filled with 
dry argon gas at 7 40 mm of Hg pressure. With this procedure it was possible to 
obtain temperatures from 80 K to 293 K with an accuracy ±lK. The system was 
very stable, especially if measurements were made during the warming up period; it 
was necessary to run the system for about five hours to warm the specimen from 
80 K to 293 K. The top plate, provided with four thin metallic electrodes isolated 
from each other, was designed to suit the experiment. The specimen, which was 
suspended inside the inner metallic chamber, and the cryostat were properly earthed 
to avoid any unwanted interference from electrical sources external to the cryostat. 
The inductance measurements were taken by using a Marconi Bridge (TF 1313A); 
in the initial experiments a frequency of 10 KHz was used, the standard operating 
frequency of the bridge. 
3.2 Calibration of the system 
In order to be sure that the system was working properly measurements were 
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first made of inductance versus temperature for the empty coil. This result is shown 
in Figure (3.3). As expected, no sudden drop in the inductance was observed at 
86K. Between 293K and 77K the inductance falls steadily but only from 147.50mH 
to 147.10mH, a small decrease which is attributable to the small contraction of the 
coil on cooling. Secondly, a similar experiment was carried out with a different coil 
filled with a non-superconducting powder. For this purpose pure aluminium oxide, 
(Al203), was chosen. Figure (3.4) gi.ves the inductance versus temperature variation 
and shows that only a very slight fall in the inductance was observed over the whole 
temperature range; again there was no sudden change at 86 K, showing as expected 
that there was no change in the magnetic properties of the ( Al203) on passing through 
86K. 
3.3 Transition Temperature Data . 
The observation [3.2,3.3], of transition temperatures (Tc) greater than SDK in 
the superconductor Y Ba2Cu301-x was probably one of the greatest discoveries in 
science for practical application in industry. Several experiments have focused on 
measuring the characteristic superconducting behaviour of this compound [3.4-3.10]. 
An example of an inductance temperature curve obtained here is given in Figure (3.5) 
which refers to a high purity YBCO specimen made at Durham. By comparison with 
the behaviour of the coil filled with non-superconducting material, (Figure (3.4)), 
the new feature is the sudden drop in the inductance at (Tc)· The value for (Tc) 
is 90 K and this could easily be measured to ±1 K. The width of the transition is 
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Figure 3.5: Indutance probe data; specimen lA (coil 1). 
very narrow, certainly not exceeding 2 K. Above (Tc) there is a small positive linear 
temperature dependence of inductance , which is of the same order of magnitude as 
was found for the empty coil. Correspondingly, below (Tc) the inductance remains 
sensibly constant. 
In order to determine the effect of different preparation techniques and differ-
ent starting materials on (Tc), several other specimens were examined. These were 
also of nominal composition Y Ba2Cu307-a:and were obtained from several sources. 
Different quality starting materials and different preparation routes were used. The 
results for specimens 2A and 3A are shown in Figures (3.6) and (3.7) respectively. 
For specimen 2A there is a drop in the inductance , which starts at 110 K. The drop 
however is not sudden but extends over a very wide temperature range of nearly 30 K. 
In this specimen (2A) superconductivity starts at a considerably higher temperature 
than in specimen (1A) but the gradual fall in the inductance suggests that more than 
one phase is present, each phase having a different value of (Tc)· By comparison with 
Figure (3.1), a further difference is illustrated by Figure (3.7) which gives a very small 
drop in inductance. Another example, for specimen 4A, is given in Figure (3.8) which 
does not give any evidence for a superconducting transition at temperatures above 
77K. 
J 
Inspection of the inductance versus temperature data given by this method, (used 
here at 10 KHz), proves that a good method for measuring (Tc) with an accuracy 
of ±1K has been developed. The method also has several attractive features in that 
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Figure 3.8: Inductance probe data; specimen 4A, (coil 1). 
specimens can either be in the form of solids (i.e pellets ), tapes or, as here, powders. 
For the determination of (Tc) only it is not necessary that the whole volume of the coil 
is filled with the superconductor. Furthermore, there is no requirement for electrical 
contacts, which cause a considerable problem in the resistance-temperature method 
for finding (Tc) [3.3,3.12]. 
3.4 Determination of Percentage of Superconducting Material 
The experiment used to measure (Tc) can also be used to estimate the percent-
age amount of superconducting phase present in the specimen used by monitoring the 
change in the absolute value of inductance with temperature. As we have seen in sec-
tion 3.2 there should be no change in the inductance for an empty coil between room 
temperature and low temperature. According to the basic definition the inductance 
of a coil is given by 
(3.1) 
where Lis the inductance (H), A is the cross-sectional area (m2), lis the length (m), 
N is the number of turns and J.L is the permeability (Hm-1) of the material which 
filled the coil. Tests were made to confirm that there is a good agreement between 
theoretical and experimental values for several standard instances. For one air filled 
coil with N = 1000 turns, A= 7.8.5 x 10-5m 2, l = 5.2 x 10-3m, J.L = 47r x 10-7 Hm-1, 
the theoretical inductance was 0.0189 H as compared with the experimental value of 
0.0184 H . For another air filled coil with N = 3010 turns , A = 9.50 x 10-5m2 , 
l = 7.2 x 10-3m , J.L = 47r x 10-7 Hm-I, the theoretical inductance was 0.150 H, as 
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compared with the experimental value of 0.1463 H. 
For coils completely filled with superconducting materials however we can esti-
mate the percentage of superconductor inside the coil as follows: For any supercon-
ducting material the percentage is 
Lroom temperature (293 K) - Llow temperature (77 K) x 
100 
Lroom temperature (293 K) 
(3.2) 
In practice all the measurements made here used powders and so allowance must be 
made for the packing fraction. The definition of the packing fraction is as follows. 
The mass m of powder which fills the known volume V of the bore of the coil is found 
by weighing the empty and filled coil. If the true (x-ray) density of the material is Px 
the mass will occupy a volume V1 given by 
so 
m 
v1 =-
Px 
The effect of the packing fraction on the 1-T plot is shown in Figure (3.9). If it 
is assumed that all the material is superconducting the inductance should fall from 
room temperature value to zero below Tc, Figure (3.9a), if the coil was completely 
filled i.e with P = 100%. For a partially filled coil (i.g P =50%, Figure (3.9b)) the 
inductance below Tc will fall to a value such that the drop from the room temperature 
inductance 6.L2 is given by 
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However if the material contains both superconducting and non-superconducting com-
ponents the fall in the inductance will not be as great; this is illustrated in Figure 
(3.10) which compares the behaviour of a fully superconducting powder with that of 
a partially superconducting powder having the same packing fraction. For a packing 
fraction P the residual inductance at 77K (i.e below Tc ) would be 
where L77(Th) is the theoretical value expected if the field is fully expelled from all the 
powder, and LRr is the inductance above Tc , which is taken at room temperature. 
The fall in inductance b.L1 on cooling below Tc should therefore be P L RT· The 
percentage of superconductor present S% is given by 
s LRT- L77(exp) ------'--~ X 100 
PLRT 
(3.3) 
It can be seen that for a completely filled coil (i.e P = 1 ) equation (3.3) gives the 
same result as equation (3.2). In practice it was found that using modest pressures 
when filling the coil with a powder packing fractions of about 50% were obtained. 
The values of S% were calculated on this basis for each powder. The results 
are shown in Table 3.1 from which is seen that the sample Durham 1A, which gave 
the most pronounced drop in the L-T curve, only contains 7% of superconducting 
material; the other samples gave smaller percentages. These were much smaller than 
expected, since the x-ray diffraction data (which is discussed in detail in Chapter 
Two) shows that over about 95% of the material is single phase YBCO. Because of 
39 
Specimen 1A 2A 3A 4A Niobium 
P% 55 54 55 57 50 
Lnr (mH) 147.20 146.50 147.20 147.20 0.487 
l::::.L1 (mH) 5.52 2.60 1.05 0.51 0.123 
l::::.L2 (mH) 81.10 79.60 81.10 84.10 0.244 
S% 7 3.2 1.2 0.6 50 
Tc (K) 90 86-105 86 86 9.2 
Table 3.1: Percentages of superconducting material in different YBCO 
powder specimens compared with niobium powder. 
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this two experiments were performed with the object of testing the general validity 
of the method. The first of these involved filling the coil with increasing amounts of 
a ferromagnetic material, iron powder, which should have had the effect of increasing 
the inductance in proportion to the volume of the coil filled by the ferromagnetic. 
The second experiment used another superconductor, niobium powder, with which 
a drop to zero inductance was expected on cooling below the critical temperature of 
9.3 K. [3.12]. 
3.4.1 Calibration Experiments: Ferromagnetic Material 
To ensure that at all times the coil was completely filled with powder it was 
decided to used iron loaded aluminium oxide powder rather than a smaller volume 
of iron by itself. By this means the iron concentration could easily be varied from 
1% to 100% by weight by altering the proportions of the two constituents. The 
volume fraction of iron used at a particular concentration was obtained knowing the 
weight fraction and the density. For all the mixtures, the inductance increased with 
increasing amount of iron; the coil was always completely filled using the same packing 
fraction. Figure (3.11) gives the variation of inductance with the volume fraction of 
iron present. The plot shows that the variation is appro?!nately linear giving values 
of inductance which vary from 18.40 mH for the empty coil to 25.70 mH for the coil 
completely filled with iron powder. The magnitude of the increase to be expected for 
the 100% Fe filling is 
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Figure 3."11: ·Variation of inductance with volume fraction of iron filling. 
where here f.l is the permeability of Fe given as 
f.LO f.lr · (3.4) 
The relative permeability J.lr for Fe is field dependent, the variation being shown in 
Figure (3.12). The low field value of permeability must be used here because the 
magnitude of the flux density ( B2) generated by the current passing through the coil 
during measurement is only about 1.04 x 10-4T. This value was obtained from the 
expressiOn 
(3.5) 
by substituting the values of the parameters, (the number oft urns N =1000, the volt-
age v =0.5 volt, the length l = 5.2 X 10-7m, the resistance R=186 n, the inductance 
L = 18.42 x 10-3 H and the frequency f = 10 x 103Hz). In order to calculate J.lr in 
the low field region the curve of relative permeability J.lr against flux density B for 
iron given by Bleaney [3.11] was used. From Figure 3.12, at the magnetic field value 
B1 = O.l25T, the relative permeability is J.lrl = 2000 and the variation of J.lr with 
B is linear at fields below ( BI) . Thus the value of relative permeability , f.lr2 at the 
field B2 due to the coil is 
f.lr2 = 1.65 
Using equation 3.2 gives the permeability J.l as 
Inserting this value for f.l in equation 3.1 gives a theoretical value for the completely 
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2.5 
iron filled coil of 
LFeTheory = 31.71mH 
Care needs to be taken, however, because we should allow for the packing fraction, 
because Fe powder was used. The packing fraction was estimated as follows. The 
volume of the bore of the coil (which corresponds to the volume of powder) was 
0.584 cm3 . The weight of iron powder needed to fill this volume was determined 
directly as 3.0012 grams. Thus the density of the powder in the coil is given by the 
ratio 3.0012/0.589, i.e 5.095 g.cm- 3 . The true (x-ray) density is 7.86 g.cm- 3 , and 
hence the packing density, defined as the ratio of the powder density to the true 
density, is 5.095/7.86 or 65%. Consequently, the predicted inductance allowing for 
the packing fraction will be 
L FeTheory = 31.71 X 0.65 = 20.62 mH 
This is in a good agreement with the inductance value observed experimentally which 
was 
L FeExpe1·imental = 25.70 mH 
This shows that, for a ferromagnetic material, the inductance L does change in pro-
portional to the volume of the coil filled by the ferromagnetic material. 
3.4.2 Calibration Experiments: The Behaviour of Niobium 
It was decided to complement the previous experiment with one in which the 
coil was filled with a material known to be a good superconductor. For this purpose 
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niobium was choosen because its superconducting propertes are well known [3.11-
3.13]. It has a transition temperature of 9.3K and it is a Type II material. Because 
a liquid helium temperature experiment was necessary a special coil was made which 
could fit down the constricted diameter of the neck of the the transport dewar used 
to contain the liquid helium, Figure 3.13. Because it was easily available niobium 
powder was used to fill the coil (as distinct from a solid piece of niobium, which would 
have had to be specially shaped to fit the bore). Under the experimental conditions 
used the packing fraction was 51.3 %. This was calculated by methods similar to 
those used previously. Here however the coil radius was 4.5 mm and it's length was 
4.00mm. The weight of the volume of the powder used, (tl.19cm3), was 0.84 gram. 
The x-ray density of niobium is 8.57 g.cm-3 and so the packing fraction was 51.3 %. 
Measurements were made firstly at room temperature and then at 4.2 K with the coil 
completely immersed in the liquid helium. The results were L = 487.40 ± 0.20J.LH, at 
293 K and L = 364.90 ± 0.10J.LH, at 4.2 K. The drop in inductance was about 25% 
rather than the 50% predicted in the basis of the known packing fraction. This gave 
a percentage of superconductor of about 50%. There does not seem to be any report 
of inductance probe measurement of (Tc) for niobium in the literature. However 
there are several reports of the determination of Tc by the resistance temperature 
method. One of the earliest of these was by Von Minnigerode [3.12] and Figure (3.14) 
reproduces his data for pure niobium. From this it can be seen that the transition is 
very sudden extending only over about O.lK. These results were confirmed by similar 
data obtained by Desorbo [3.13]. Both these authors give results showing that the 
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superconducting transition is complete at temperatures very closely below Tc , even if 
the material contains some impurity (i.e oxygen , nitrogen or hydrogen ). The latter 
author also gave the value of magnetic field at which penetration began at 4.2 K as 
1.32 m T. 
The experimental result from the inductance versus temperature data that only 
50% of the magnetic field is expelled is rather suprising. If the sharpness of the 
transition seen in the resistance versus temperature measurement holds also in the 
inductance versus temperature measurement there can be no increase in the per-
centage because of a long tail giving increased superconductivity at temperatures 
considerably below the 4.2 K used for the measurement. The magnetic field gener-
ated by the current passing through the coil during measurement was between about 
1-2mT, which is of the same order of magnitude as than the penetration field value 
of 1.3 mT. (The field generated was obtained from the relations 
where the current was determined by knowing the voltage applied to the particular 
coil whose impedence was known). Thus is quite probable that there is some field 
penetration which of course would reduce the effective packing fraction. A second 
possibility is that some effective loss of volume might be expected with niobium 
powder because niobium is a reactive element and consequently each niobium grain 
may have a surface covering of niobium oxide. Furthermore the niobium grains 
may not be initially strain free. 
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The importance of these two calibration experiments is that the actual data given 
in Table 3.1 must be taken as substantially correct for all the YBCO powders. The 
implication is that only a small fraction is superconducting. This may be due either 
to field penetration (which would reduce the effective volume of superconducting 
material) or to the presence of phases which were closely similar crystallographically 
to Y Ba2Cu307 but were oxygen deficient and so were not superconducting. 
3.5 The Effects Of Annealing In Oxygen. 
It is very well established in the literature e.g. West [3.14], Specht [3.15], that 
heat-treatment in oxygen effects the oxygen concentration. West's data shows that to 
obtain the stoichiometric ratio Y1Ba2Cu307 the sample should not be heated above 
450°0. The superconducting phase has this composition and according to West is 
best obtained by continuing the heat-treatment until no further weight gain is ob-
served. This superconducting phase is not stable under ordinary laboratory conditions 
because it absorbs water vapour from the atmosphere; this degrades the material be-
cause it tends to form hydroxide with corresponding changes i!l the Y:Ba:Cu:O ratios; 
several workers state that a degraded material can be restored by heat-treatment in 
flowing oxygen. This was attempted for three powders using temperatures between 
300°0 and 450°C. The first powder examined, 2A, initially showed the very wide 
superconducting transition given in Figure 3.6. After as little as 6 hours treatment a 
marked difference was observed; the transition became much sharper with a Tc value 
of 86K and width reduced from 30K to about 10K. There was a corresponding small 
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increase in the value of S (the fraction of superconducting material) which increase 
from 3.2% to 3.8%. Further heat-treatment up to 38 hours did not produce any sig-
nificant change in the shape of the transition but caused a further small increase in 
S to 4.3%. Continuing heating for 86 hours, Figure 3.15, did not produce further 
increase in S% which remained at 4.3%. 
The next sample examined, 3A, which had only given a small amplitude tran-
sition originally (Figure 3. 7) showed very little change after heating for periods up 
to 48 hours at 300°C, the temperature recommended by West [3.14] although the S 
value increased very slightly from 1.2% to 1.8%. For the third sample, 5A, which 
contained considerably less iron than 3A no superconducting transition was observed 
either in the as received state or after a heat-treatment of 36 hours at 400°C. 
3.6 Measurements On Sintered Pellets. 
Inductance-probe measurements were also made on several polycrystalline sin-
tered pellets whose microstructure has been discussed in Chapter Two. Each of these 
had been made from the corresponding powder by sintering at 950°C in air followed 
by slow cooling. In the measurement the coil was filled as completely as possible with 
large pieces of the sintered pellet. For 3A ( sintered pellet) there is a sharp transition 
at 90K, Figure 3.16, and it is immediately evident that there is a much more marked 
drop in inductance than with the 3A powder shown in Figure 3.7. The percentage 
of superconducting material, derived from Figure 3.16, now is 15% which was the 
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largest value observed apart from that for niobium. The effects of sintering in alter-
ing the behaviour of the material are again emphasised by the result obtained for the 
sintered pellet 5A. The comparison given in Figure 3.17 shows that as powder there 
was no evidence at all for superconductivity at temperatures above 77K; however, 
after the production of the sintered pellet, there is a sharp and well defined transition 
at 86K. The S value for this sintered pellet is about 11%, again much larger than 
the value in the powder from which it originated. These results show that the sin-
tering conditions radically influence the superconducting behaviour and suggest that 
further optimisation of the sintering conditions could lead to further increase in the 
percentage of superconducting material obtained. Further measurements were made 
on sintered pellet 7 A which had been heat treated to promote grain growth; the 1-T 
plot is shown in Figure 3.18. This shows a very clean and sudden transition at 124K 
considerably higher than observed for any other sample; the width of the supercon-
ducting transition is only about 3K. Calculation of the percentage of superconducting 
material gave the value of S = 25% which is the largest value observed for any sample 
examined. 
47 
• ( q) 
X (b) 
INDUCTANCE CmHJ 
150 
148 
148 
147 
145 
145 
144 
143 
142 
141 
140 
139 
138 
137 
136 
135 
134 
_._..._... • ........._..... ...... /'' lfflllt ,...,....IIIIC14tlliiill IIIIIIIIIIIIIWIIIIU....,.Iillll 'IIIII 
..... f 
I 
40 60 80 100 ~20 1~0 160 180 200 220 240 260 280 300 
TEt·iPERFlTURE ( K) 
Figure 3.17: Comparison of inductance probe data; for a) 5A powder, 
and L) 5A sinLered pellet (coil 1). 
INDUCTANCE (mH) 
113 
112 
111 
110 
109 
108 
107 
106 
105 
104 
103 
102 
101 
100 
99 
98 
97 
96 
95 
40 60 80 100 120 140 160 180 200 220 240 260 280 300 
TEI'1PERRTURE CK) 
Figure 3.18: Inductance probe data; specimen 7 A, sintered pellet. 
REFERENCES 
3.1 W.Meissner and R.Ochsenfeld, Naturwiss ,21 , 787, (1933). 
3.2 M.K.Wu, J.R.Ashburn, C.J.Torng, P.H.Hor, R.L.Meng, L.Gao, 
Z.J.Huang, Y.Q.Wang, and C.W.Chu, Phys. Rev. Lett. 58,908,(1987). 
3.3 P.H.Hor, L.Gao, R.L.Meng, Z.J.Huang, Y.Q.Wang, K.Forster, 
J.Vassilious, C.W.Chu, M.K.Wu, J.R.Ashburn, and C.J.Torng, 
Phys. Rev. Lett. 58,911 , (1987) . 
3.4 T.R.McGuire,T.R.Dinger,P.J.P.Freitas, W.J.Gallagher, 
T.S.Plaskett, R.L.Sandstrom and T.M.Shaw, Phys. Rev. B.36,4032, (1987). 
3.5 R.J.Cava,B.Battlogg,R.B.van Dover,D.W.Murphy,S.Sunshine,T.Siegrist, 
J.P.Remeika, E.A.Reitman, S.Zahurak and G.P.Espinosa, 
Phys. Rev. Lett. 58 , 1676 (1987). 
3.6 C.Politis, J.Geerk, M.Dietrich, B.Obst and H.L.Luo, Z. Phys. 
B- Cond. Matt. 66 , 279 , (1987). 
3. 7 H.Kupfer,I.Apfelstedt, W.Schauer, R.Fluxkiger, R.Meier-Hirmer and 
H.Wuhl, Z. Phys. B- Cond. Matt. 69 , 159 , (1987) . 
48 
3.8 E.Greedan. A.O'Reilly and C.V.Stager, 
Phys. Rev. B 35 , 8778 , (1987) . 
3.9 T.Siegrist, S.Sunshine, D.W.Murphy, R.J.Cava and 
S.M.Zahurak, Phys. Rev. B 35 , 7137 , (1987) . 
3.10 H.Takagi, S.Uchida, H.Sato, H.lshll, K.Kishio, itazawa, K.Fueki, 
and S.Tanaka, Jpn. J.Appl. Phys. 26 , 1601 , (1987) . 
3.11 B.I.Bleaney and B.Bleaney " Electricity and Magnetism " , 
3rd Ed , Oxford University Press .UK. (1976) . 
3.12 Gunther Von Minnigerode , Z . Phys. 154 , 442 , (1959) . 
3.13 Warren Desorbo, Phys. Rev. 132 , 107 , (1963) . 
3.14 J.T.S.Irvine, J.H.Binks and A.R.West. Proc. Europ. Workshop on 
High Tc superconductors and potential applications, 297 (1987). 
3.15 E.D.Specht, C.J.Sparks, A.G.Dhere, J.Brynestad, O.B.Cavin, 
D.M.Kroeger and H.A.Oye, Phys. Rev. B37, 7426, (1988). 
49 
CHAPTER FOUR 
INDUCTANCE-PROBE TECHNIQUES; MEASUREMENTS 
OF Hc1 AND HYSTERESIS 
4.1 Introduction 
It is important to know the value of Hq -the lower critical field- for the material 
because this is the field at which field penetration becomes important. As shown in 
the previous Chapter the percentages of superconducting volume were all found to 
be much lower than expected, being typically about 10% at most. As pointed out 
earlier several factors may be responsible for this, the principal two being that not all 
the material is in the correct phase or that, although all the material is the correct 
phase, the measurements have been made above the critical field Hc1 so that, because 
of field penetration, the volume of genuinely superconducting material is less than 
the geometrical volume of the material. 
Many workers have reported Hc1 measurements in the literature [4.1-4.9]. Most of 
these measurements have been made by magnetization curve methods and a selection 
of their results is given in Table 4.1 (a). From this it can be seen that the reported 
values of Hc1 vary over a considerable range. The highest value is 750 gauss [4.3] 
and the lowest value is 70 gauss [4.4]. Most of the measurements were made at or 
near 77K but not all the authors gave precise details of stoichiometric ratios in their 
materials, particularly as regards the oxygen content. Insufficient information is given 
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Author Chemical Form of Methods of Hq Temperature of 
formulae speCimen measurements gauss measurements 
S.N.Song Y Ba2Cu301-x sintered magnetization 700 4.2K 
et al. pellet curve 
[4.1] 
T.R.McGuire Y Ba2Cu301-x polycrystalline SQUID 500 20K 
et al. 
[4.2] 
J.G.Perez- Y Ba2Cu301-x - magnetization 750 4.2K 
Ramirez. et al. x=0.2 curve 
[4.3] 
Cao Xiaowen Y Ba2Cu301-x sintered magnetization 70 77K 
et al. pellet curve 
[4.4] 
R.S.Rubins Y Ba2Cu301-x sintered magnetization 100-300 77K 
et al. pellet curve 
[4.5] 
Kobayashi - polycrystalline - 80 77K 
[4.6] 330 4.2K 
Table 4.1(a): Reported values for Hc1 in polycrystalline YBCO. 
for the value of Hq to be correlated with the oxygen content. From the present point 
of view it is noteworthy that none of these authors used an inductance probe for their 
Hc1 determination. 
Another widely used magnetic technique for characterizing the superconducting 
material is to observe the hysteresis loops [4.10]. These are usually obtained from 
magnetometers (e.g a Vibrating Sample Magnetoremter, VSM) which produce a plot 
of magnetization versus applied field. Below the transition temperature the super-
conductor should behave as a perfect diamagnetic so that the susceptibility should 
be negative and have the value of _ __1._ =-798000 J.T-2.m-3. The initial slope of the 
J-Lo 
hysteresis loop can be used to estimate the magnetic susceptibility at low fields and 
the change in shape of the hysteresis loop indicates the departure from purely dia-
magnetic behaviour. An example of a hysteresis curve for YBCO is shown in Figure 
4.1 [4.10]. The sample used in this experiment had been made by reacting Y203, 
BaC03 and CuO powders at 1000°C for 6 h in flowing oxygen in a platinum crucible; 
the powder was subsequently pressed into a disc and sintered at 1000°C for 16h in 
flowing oxygen. The magnetic measurements were made with a magnetometer with 
sensitivity of 10-4 emu in field up to 0.8T; to minimize the demagnetising effect the 
field was kept parallel to the plane of the sample. In Figure 4.1 the data marked 
ZFC corresponds to Zero Field Cooling while FC corresponds to Field Cooling. Ob-
servations from the hysteresis curve also enable values of the critical current Jc to be 
estimated (the critical current lc is the limiting current which can be passed, at a 
given temperature, through a superconductor without causing it to become normal). 
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Figure 4.1: Low field hysteresis cycles for Y BazCu301-x· The solid 
line represents the cycle obtained after ZFC procedure whereas dashed 
lines represent cycles obtained after cooling the sample in 4 kOe. 
The critical current lc depends on the temperature and magnetic field surrounding 
the sample. The reason for a critical current is because the current flowing through a 
superconductor generates a magnetic field and if this exceeds Hc1 field penetration can 
cause the return to normal resistance. The most usual model used for the derivation 
of the critical current from the hysteresis plot is the Bean model [4.11]. According to 
this model the intra-granular critical current density lc is related to the change in the 
magnetization 6.M observed from the hysteresis loop, the density p of the material 
and the dimension R of the individual grains by 
J (A/ 2) = 306.M(JfTfKg).p(gfcm3 ) 
c em R(cm) 
As might be expected the critical current depends on the external field, decreasing as 
the external field is increased. It has also been found that the lc values observed vary 
very considerably according to the different methods of preparation and form (thin 
film, solid sintered pellet or single crystal) of the sample. For YBCO most authors 
have quoted values of Jc of about 105 A/cm2 in low fields falling to about 103 A/cm2 
in fields of 1 Tesla. 
In this work an attempt has been made assess the extent to which similar infor-
mation can be obtained by the simpler inductance probe technique. 
4.2 Experimental techniques 
The maJor addition to the inductance probe technique described in Chapter 
Three and used for the determination of transition temperature (Tc) and percent-
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age of superconducting volume (S) was the provision of an external magnetic field 
surrounding the measurements coil. This necessitated the use of a specially shaped 
cryostat to which reference has been made in Chapter Three Figure 3.2. For the 
present measurement however the coil had to be located at position B corresponding 
to the centerline of either the electromagnet or solenoid used. For medium and high 
field examination a Newport Type A magnet was used; this had a pole diameter of 
6 em; a pole separation of 6 em and gave fields from 30 gauss to 4000 gauss. This 
electromagnet was not suitable for the precise control of very low fields because of 
the residual magnetization of the pole piece. Because of this a solenoid system (a 
Helmholtz pair) was used. The diameter of each solenoid was 12 em and the separa-
tion between the two coils was 7.5 em so as to produce a uniform field over a volume 
of about (3 cm3 ). This was consideriably larger than the volume of the measurement 
coil, 1.4 cm3. With the Helmholtz pair a field of between zero and 170 gauss could 
be obtained. With either these arrangements the inductance of the probe coil could 
be measured as a function of magnetic field at different temperatures. Further, by 
steadily increasing the magnetic field to a certain value and then decreasing it again 
to zero the hysteresis characterictics could be explored. 
4.3 Results and Discussion. 
For the measurement of critical field the technique adopted was firstly to cool the 
inductance probe (filled with superconducting specimen) to 77K. This normally pro-
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duced (if the sample were superconducting) a drop in inductance of the form described 
in Chapter Three. In the second stage of the experiment the sample temperature was 
kept constant, e.g at 77K and the inductance was monitored as the magnetic field 
was increased from zero upwards. The first result is shown in Figure 4.2. which refers 
to specimen 5A, a sintered pellet. This shows a very marked rise from the initial 77K 
value of 107.60mH at zero field to about 110.70mH for a field of only 100 gauss. It 
must be remembered here that the room temperature value of the inductance of the 
coil with superconductor was 112.60mH. The main features revealed are that: there 
is a substantial rise at low field followed by a steady slow rise to the maximum field 
( 4000 gauss). At this maximum field the inductance is still significantly less than 
the room temperature value. This shows that there is a critical field Hc1 which can 
be observed but which would require provision of controlled low fields in order to 
examine it in detail. By recording the inductance values with successively increasing 
and decreasing magnetic field values hysteresis effects were observed. Starting at zero 
field the plot followed the line 1 and on reversing the field direction followed the line 
2 which, for fields between about 3500 gauss to 100 gauss, gave slightly smaller values 
of inductance. On repeating the field cycling, lines 3 and 4, no further hysteresis 
was detected which this magnet system. At low fields i.e below about 100 gauss, all 
the lines appear to be superimposed but the resolution was not good because of the 
difficulty of obtaining low fields. 
In the next series of experiments the same general technique was adopted but the 
electromagnet was replaced by the Helmholtz pair and attention was concentrated on 
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the low field region only. Figure 4.3 gives data, also at 77K, for the same sample, 5A 
sintered pellet. The general features seen in Figure 4.2 are repeated but here with 
much greater resolution. Thus on the initial plot, line 1, the initial rise is complete 
at 18 gauss which suggests that Hc1 =18 gauss. The initial hysteresis is very evident 
because line 1 and line 2 are well separated, even in the low field region between 100 
gauss and zero gauss which could not be resolved using the larger magnet. Again the 
hysteresis is lessened by field cycling, lines 3 and 4. The evidence from Figure 4.2 
suggests that the variation of inductance with field above about 1500 gauss is small. 
This would indicate a value of Hc2 far in excess of the 4000 gauss obtainable here 
because at 4000 gauss the inductance is still much below the room temperature value. 
Two other sintered pellets 3A and 7 A were also examined in a similar manuer. 
Specimen 3A was a sintered pellet of the same nominal composition as 5A but con-
taining a larger amount of iron impurity. In specimen 5A on other hand attempts 
had been made to promote grain growth. As regards 3A the low field data is shown 
in Figure 4.4. Although the general features are very similar to those found in Figure 
4.2. there are some noticable differences. Starting from zero field there is again, line 
1, a rapid rise to point A which suggests an Hc1 value of 15 gauss. This is followed 
by a region extending to point B at 50 gauss where the rate of increase of induc-
tance with field is lower though still marked. After point B there is a small rise in 
inductance similar to that observed over the corresponding field range with sample 
5A. After field reversal, line 2, hysteresis is observed and this is more pronunced than 
for 5A. Further field cycling, line 3 and line 4, also shows the discontinuities at the 
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fields corresponding to point A and point B but gives about the same amount of 
hysteresis. All the low field inductance-field plots show that at fields greater than 200 
gauss the inductance is nearly constant with increasing magnetic field, indicating a 
very large value of the upper critical field, Hc2 • An estimate of Hc2 may be obtained 
from the higher field plot of Figure 4.2. Over the range 1000 gauss to 4000 gauss 
the inductance changes by at most 0.15 mH given a value of j~ of about 5 x 10-5 
mH.gauss-1. If the line continued with the same slope until the inductance reached 
the room temperature value the field required would be about 3x 104 gauss. This 
suggests that Hc2 > 3T. This may be compared with the values quoted by Kobayashi 
[4.6] of 40T at 77K for sintered pellet and with the values of 60 T at 77K [4.9], Table 
4.1 (b), for a single crystal. 
A possible reason for the occurrence of the two discontinuities at points A and B 
is that the sample in fact contains two superconducting phases which have different 
values of Hc1 , of 15 gauss and 50 gauss respectively. If this is correct it might be 
expected that the two phases would also have slightly different values of Tc and 
hence corresponding discontinuities should be seen in the 1-T plot; the temperature 
resolution in the present 1-T technique was insufficient for these to be revealed. 
The 1-H plot for sample 7 A taken at 77K is shown in Figure 4.5. With increasing 
field the inductance rises very rapidly, line 1, from 97 mH at zero field to 107.50 mH 
at 14 gauss (i.e Hc1 =14 gauss) and thereafter increases uniformly and very slowly 
to the maximum field of 180 gauss. On reversal of the field, line2, no hysteresis is 
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Author Form of parallel perpendicular Temperature 
speCimen to a-b plane to a-b plane of measurements 
Worthengton single crystal Hc1 = < 50 gauss H c1 =5000 gauss 4.2K 
et al. 
[4.7] 
Senoussi single crystal Hc1 = 180 gauss Hq =2000 gauss 77K 
et al. 
[4.8] 
Worthengton single crystal Hc2 = 140 Tesla Hc2 =29 Tesla OK 
et al. 
[4.7] 
Moodera single crystal Hc2 =60 Tesla Hc2 =13 Tesla 77K 
et al. 
[4.9] 
Table 4.1 (b): Reported values for H c1 and Hc2 in single crystal YBCO. 
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observed until the field is reduced to below 20 gauss. This is in marked contrast to 
the large degree of hysteresis seen in the previous sample 3A, Figure 4.4. Further 
cycling of the field, line 3 and 4, produced substantially the same variation. 
Among the specimens examined sample 7 A was exceptional in that it had the 
highest observed critical temperature of Tc=124K. It was thus possible, even with the 
rfstriction of the 77K cryostat, to make 1-H measurements at different temperatures 
below Tc. One such result, taken at 90K, is shown in Figure 4.6. Here again the 
mean feature is the rapid rise in inductance between about 5 gauss and 14 gauss 
followed by an extended very slow rise to the maximum field of 180 gauss. This 
gaves a lower critical field value of Hq =14 gauss. However in the very low field 
region below 10 gauss the inductance falls to a minimum value of 101niH and rises to 
104mH at zero magnetic field. Comparison of Figure 4.5 (taken at 77K) and Figure 
4.6 (taken at 90K) for the same sample shows that the zero field values of inductance 
at the two temperature are different. At 77K the inductance is 1=97 mH giving a 
percentage of superconductor S of Sn = 25%; at the higher temperature of 90K the 
inductance has increased to 104 mH showing that S has now decreased to Sgo = 18%. 
The rise in temperature of 13K from 77K towards Tc has thus produced a decrease 
in the percentage of superconducting volume of the specimen of about 7%. Since 
both measurement temperatures were well below the critical temperature of 124K it 
seems likely that this corresponds to changes in penetration depth. This hypothesis 
was examined as follows. For a conventional Type II superconductor, as described 
in Chapter One, the penetration depth A. varies with temperature according to the 
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relation 
>.(T) = (1- (T)4]-t 
>.(0) Tc (4.1) 
Assuming that this expression also holds for YBCO the variation of >. with tempera-
ture can be estimated by inserting the appropriate values of T and Tc. This gave at 
77K 
and at 90K 
where >.(O) is the value of the penetration depth at absolute zero. The percentage 
change in penetration depth in going from 77K to 90K is thus 7.5%. This is in 
excellent agreement with the observed changes in inductance and in superconducting 
volume. 
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CHAPTER FIVE 
E.P.R STUDIES ON YBCO 
E.P.R forms a very powerful technique for the study of the local environment of 
particular atoms in a unit cell. In this respect it is complimentary to x-ray diffraction 
and has often been used in this way in the detailed study of many materials. In x-ray 
diffraction the basic mechanism is that x-rays interact with the electrons surrounding 
the atoms; thus some interaction would be expected with every type of atom though 
the magnitude of the interaction depends on the atomic scattering factor. In e.p.r on 
the other the interaction is of a different kind. The electromagnetic wave (often in the 
microwave frequency region) interacts with the magnetic moment generated by the 
electrons in a particular atom. The technique can therefore only detect ions which 
have a magnetic moment but despite this limitation the technique it is applicable to 
many species. The ability of e.p.r to provide information on local atomic environments 
arises because the energy levels formed by the particular ion, when placed in magnetic 
field, are determined by the crystal field generated by the surrounding ions which in 
turn depends on the charges and positions of these surrounding ions. 
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5.1. Principles of Electron Paramagnetic Resonance 
5.1.1. General 
Electron Paramagnetic Resonance (EPR) is a technique employing electromag-
netic radiation to determine the separation of energy levels in atoms and ions. If 
energy equal to the separation energy is supplied to the atoms then their electrons 
absorb it and are excited from a lower to a higher level. Thus observation of the 
resonant frequencies at which absorption occurs yields information about the energy 
levels of the atoms and ions. 
In EPR the energy is supplied in the form of microwave radiation of frequency 
often about 9GHz; this does not necessarily correspond to the energy separation of 
neighbouring levels, but rather to the energies by which a single degenerate level may 
be split. The application of a strong external d.c magnetic field (Zeeman splitting), 
the interactions of electrons with nuclear spin magnetic moments and the crystalline 
electric field due to surrounding atoms are all causes of such splitting. Hence evalu-
ation of splitting energies may yield information about the local environment of the 
IOn. 
Electrons in all materials may be considered as possessing two types of motion: 
motion around the nucleus of the atom giving rise to orbital angular momentum and 
motion of the electron spinning about its own axis giving rise to intrinsic spin angular 
momentum. Since electrons have charge, both these angular momenta produce mag-
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netic moments, so a free electron will behave like a magnetic dipole with a tendency 
to align with the direction of an applied field. 
However, in some materials all the electrons are arranged in pairs of opposing 
spins so there is no net magnetic moment to interact with an applied field or with 
the incident electromagnetic radiation. Thus useful information can be gained only 
from ions where there is an unpaired electron giving rise to a residual magnetic 
dipole moment, i.e. from paramagnetics or the exchange coupled systems found 
in ferromagnetic materials. In these atoms the dipole moment interacts with the 
magnetic component of the electromagnetic radiation absorbing energy. 
There are several classes of materials in which unpaired electrons may exist: 
some transition metals and rare earth compounds have an unpaired electron in the 
incomplete d or f orbital; free radicals leave a bonding electron associated with only 
one atom; F -centres have electrons or holes trapped at point defects; some atoms and 
molecules possess an odd number of electrons and in metals and semiconductors the 
conduction electrons can cause paramagnetism. In such materials the allowed energy 
level of the unpaired electron may be shifted and split by its interaction with electric 
and magnetic fields. 
For paramagnetic ions distributed substitutionally in a diamagnetic host lattice 
the magnetic properties of the material are essentially those of the paramagnetic ions, 
modified from the free ion situation by the influence of the crystalline electric field 
arising from the host lattice. The resultant splitting is known in the absence of an ex-
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ternal magnetic field as the zero field splitting. However the application of a magnetic 
field produces Zeeman splitting of each of the Kramers doublets. An example is given 
in Figure 5.1 which refers to the Fe/MgO. system; (this example has been chosen be-
cause some e.p.r studies on doped MgO are discussed in later Chapters of the Thesis). 
In the doped MgO system at room temperature fields of about 400mT cause splitting 
by energy separations comparable to that of the microwave radiation. Iron enters 
the MgO lattice as Fe3+ which has a spin of 8=5/2. Consequently the multiplicity 
(28+1) is six giving the six levels shown in the Figure 5.1; there is some curvature of 
the levels in low fields but then they diverge almost linearly. The transitions observed 
at 9GHz are indicated by the vertical lines. The experimental spectrum, i.e. a plot of 
absorption versus magnetic field consists of a series of lines, each at a characteristic 
field value and having different intensities which depend on the quantum numbers of 
the levels from which the particular transition originated. While many e.p.r spectra 
are observable at room temperature, some signals (e.g. Fe2+) may be detected only 
at liquid nitrogen (77K) or even liquid helium ( 4K) temperatures. The materials 
may be in single crystal, sintered polycrystalline or powder form, but the two lat-
ter groups require much more complex interpretation and also present difficulties in 
experimental handling, particularly at low temperatures. 
For power absor~tion to occur the energy of the incident radiation must exactly 
match that of the energy separation of the split level, i.e., in classical terms, resonance 
occurs. To achieve this condition experimentally, it is more convenient to keep the 
microwave frequency fixed and to vary the energy level separations by variation of 
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the external magnetic field. 
Thus e.p.r sepctra may contain information about the charge state, type of 
binding, the symmetry of the enviroment of the paramagnetic centres present in the 
material and, if present, the amount of hyperfine interaction with surrounding nuclei. 
Additionally comparison with theoretical free electron behaviour gives an indication 
of crystal field strength and degree of spin-orbit coupling. Finally, since the area 
under an absorption line is proportional to the number of unpaired spins, EPR can 
be used as a method of determining paramagnetic ion concentrations. 
Overall, EPR is a powerful tool for the study of paramagnetic centres and can 
detect very low concentrations. 
5.2 Theory Of The Single Free Electron. 
All signals detected by e. p.r must have an unpaired electron whose particular 
environment is determined by its difference from the theoretical single free electron 
as defined below. 
Quantum Theory states that the angular momenta and hence magnetic moment 
of an electron may hold only certain discrete values. In the simplest case of a single 
free electron there can be no orbital angular momentum, and the only allowed value 
of spin angular momentum is given by: 
1 h p ---
8 - 2 21r 
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(5.1) 
and the corresponding magnetic moment by: 
eh 
f.ls = -- = f3 
41fmc 
(5.2) 
where e and m are charge and mass of the electron and h and c are Planck's constant 
and the speed of light respectively.f3 is the Bohr magneton, the unit of magnetic 
moment. 
If an external magnetic field, Ho, is applied the electron experiences a torque 
which tries to align its magnetic moment vector, M, with the direction of the field. 
However, quantisation restricts the possible orientations of the vector, so the torque 
forces the magnetic moment to precess around the field at an angular frequency,w0 , 
independent of orientation and given by: 
(5.3) 
where 1 is the gyromagnetic ratio (the ratio of magnetic moment to angular momenta) 
and has the value 17.6 x 1010 s-1r- 1 for a free electron. This is illustrated in Figure 
5.2 
The energy (E) of the magnetic dipole mdment(f.l) is dependent on orientation 
with respect to the applied field and is given by: 
(5.4) 
where () is the angle between the magnetic field and the axis of the dipole. In the case 
of the free electron there are only two allowed orientations of the magnetic moment 
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corresponding to spin-up and spin-down (there being no orbital magnetic moment) 
and thus equation 5.4 becomes: 
(5.5) 
where Ms are the magnetic q11antum numbers of the allowed energies, i.e. Ms = ±1/2. 
Thus the applied field has split the energy level into two levels separated by energy 
2f3Ho, i.e. the ground state has a two-fold degeneracy lifted by H0 • In general, i.e. 
for all systems, equation 5.5 becomes: 
E = gf3Ho (5.6) 
where g is a numerical factor determined experimentally. Making relativistic correc-
tions to the above theory g for a single free electron is 2.0023. 
5.3 The Paramagnetic Ion In The Crystalline Environment. 
A free ion has spin and orbital angular momenta assigned by quantum numbers 
S and L respectively. The total angular momentum has a quantum number J which 
is the vector sum of L and S. ·Quantum theory states that the ground state of such 
an ion has degeneracy of ( 2J + 1) in the absence of an applied magnetic field. 
However, the strong crystalline electric fields may modify the quantum state 
by breaking the coupling between L and S, i.e. quenching, thus causing ground 
state degeneracy due to S alone of (2S+ 1 ). The higher orbital states are usually 
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far removed from the ground state by energies corresponding to quanta of optical 
frequency radiation. 
The crystal field also causes a lifting of the degeneracy of the ground state 
by energies corresponding to microwave quanta (or less). This lifting is limited by 
Kramer's Theorem which states that an ion with an odd number of unpaired electrons 
must retain two-fold degeneracy of these levels. 
In reality the spin-orbit coupling is not completely broken and so the degeneracy 
of the ground state does not correspond to the true spin quantum number of the 
free ion, but to an effective spin quantum number,S', corresponding to an observed 
degeneracy of (2S' + 1). The application of a magnetic field causes further lifting (see 
Figure 5.1 and equation number 5.6): 
E = gf3HoM (5.7) 
where M is the quantum number (between S and S') and g is the spectroscopic 
splitting factor. The deviatation of this quantity from the free electron value of 
2.0023 is a measure of orbit quenching (i.e. spin-orbit coupling). 
Similarly elementary theory also suggests that only transitions for spin state 
separations of f:::.M = 1 may be seen. Since the crystalline field breaks down the 
pure spin states, this rule may be broken and so-called "forbidden transitions" may 
be seen, e.g. for an ion of S'=3/2 (e.g. Cr3+) an energy level, li >,may be described 
with eigenvectors ai, bi etc.: 
li >= a.£13/2 > +bil1/2 > +cil- 1/2 > +d.d- 3/2 > 
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(5.8) 
where the eigenvectors are normalised by: 
(5.9) 
5.4. The Spin Hamiltonian and Energy Levels. 
The Hamiltonian Operator is a convenient description of the energy of an atom 
containing unpaired electrons and nuclei with non- zero spins. 
H = Hez + HcF + HLs + Hss + Hze + Hzn + Hn + HHF (5.10) 
The first three terms comprise the atomic Hamiltonian and the last six form the spin 
Hamiltonian. The operator Hez accounts for electron kinetic and potential energy 
and electron-electron repulsion, and is not seen in microwave spectroscopy. The 
crystalline field operator H CF is also too great to be detected directly by microwave 
frequencies, but represents energies which have a strong influence on the magnitude 
of spin Hamiltonian parameters. It has the general form: 
(5.11) 
where V is the potential of the crystalline field and Xi, Yi, Zi are the co-ordinates of 
the ith electron of the unfilled shell. 
The spin -orbit operator H LS is proportional to the dot-product of the spin and 
orbit vectors, and forms part of both the atomic and the spin Hamiltonian: 
(5.12) 
where .A is the spin-orbit coupling constant. 
These energies are much smaller than the HcF energies, and may be seen in 
microwave spectroscopy. However, if the resultant angular momentum of the ion is 
zero (i.e. S ground state as opposed to S' ground state) then H Ls=O. 
The general spin-spin operator Hss is given by: 
Hss = -p(L- S)2 + 1/2(L.S)- 1/3L(L + 1)S(S + 1) (5.13) 
and represents energies of magnitude similar to the electronic Zeeman (magnetic field 
splitting) operator, Hze, which is given by equations 5.6 and 5.7 or: 
H Ze = g,BnB.S (5.14) 
The equivalent nuclear Zeeman term H Zn is given by: 
(5.15) 
where ,Bn is the nuclear Bohr magneton and I the nuclear spin quantum number. The 
nuclear spin-spin interaction takes the same form as the spin-orbit coupling operator: 
Hn = JI.I (5.16) 
and similarly for the hyperfine operator: 
(5.17) 
However the nncrowave spectroscopy terms can be collected together in the spm 
Hamiltonian if the effect of H CF (equation 5.11) IS taken into account using the 
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effective spin 5': 
H$ = gij.S' + D(S')2 + S'(S' + 1) + Hzn + Hn + HHF (5.18) 
Thus, using the spin Hamiltonian, the solutions of: 
(5.19) 
(see equations 5.8, 5.9) may be derived in terms of Ei, the eigenvalues (energies) of 
the states li >. (see equations 5.8, 5.9). Further treatments of e.p.r theory are given 
in [5.1-5.3]. 
5.5. Microwave Power Absorption. 
To detect the splitting of the electron energy levels, transitions must be excited 
between two levels by electromagnetic radiation of frequency, v, such that: 
hv = gf3Ho (5.20) 
The transition is induced by the oscillating magnetic field component exerting a 
torque on the electronic magnetic moment and thus altering its energy. There is 
an equal probability of absorption and emission of power on interaction between the 
microwave beam and electron; the net absorption relies on there being an excess 
population of electrons in the lower level. The relative populations are given by 
Boltzmann statistics: 
n 1 _ 9.1!.!!.£ 
- = exp kT (5.21) 
n2 
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where n1 and n2 are the populations in the upper and lower levels respectively. Power 
absorption is temperature sensitive and increases as temperature decreases, improving 
the EPR signal-to-noise ratio. To a first approximation the population difference 
n = n2 - n1 between the levels may be expressed as: 
(5.22) 
where N is the total population of unpaired spins. Integration of the detected ab-
sorption intensity with respect to the varying applied magnetic field gives a measure 
of the total net power absorbed, P,: 
p = 21r2v 2 HoS(S + l)N g2{3 
3kT 
(5.23) 
This shows that the power absorbed is proportional to the number of unpaired elec-
trons present in the sample. In practice the levels have a narrow but finite band 
of energies, and excitations occur over a range of magnetic field values giving an 
absorption line of finite width. 
5.6 Experimental. 
Most e. p.r spectrometers operate on similar principles, and here all the measure-
ments were made using a Varian V4502-15 spectrometer in the 9GHz frequency [5.4] 
region. The block diagram of Figure 5.3 identifies the main components of an e.p.r 
spectrometer. The physical and engineering principles have been extensively covered 
by Poole [5.5]. 
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Figure 5.3: General arrangement of EPR spectrometer. 
The source of 9GHz microwaves was a klystron. The microwaves passed through 
an isolater and a variable attenuator to a hybrid-tee (microwave bridge) which has 
the ability to divide the power equally between arms 2 and 3. Arm 3 is terminated 
by the microwave cavity and arm 2 is terminated by a matched load. 
The e. p.r spectra reported in this work were recorded with samples positioned at 
the centre of a V 4531 cavity operating in the T E102 mode. In this mode of operation, 
the field patterns produced by standing electromagnetic waves in the cavity give 
the optimum conditions for observing magnetic resonance. The introduction of a 
dielectric sample, which causes absorption of power, changes the impedance of the 
cavity, so the microwave circuit must be retuned each time that a new sample is 
inserted into the cavity. 
The klystron frequency is adjusted mechanically and electronically to match the 
cavity resonance with the sample in position by positioning the cavity absorption dip 
in the centre of the klystron mode pattern which is displayed on CRO. The cavity 
resonance frequency was measured with a Hewlett-Packard X532B frequency meter. 
The crystal detector is located in arm 4. In fact a small amount of current is needed 
to bias the detector. To provide a bias current, a small probe (called a slide screw 
tuner) is positioned in arm 2 to reflect a small amount of microwave power to the 
detector, which causes a current to flow in it. 
There is also an automatic frequency control system (AFC) which is shown in 
the block diagram of Figure 5.3. The AFC phase detector and the klystron reflector 
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voltage are provided by an oscillator modulated at 10KHz. When the klystron centre 
frequency (fo) corresponds to the resonance frequency of the sample cavity (fr) a 
10KHz signal is reflected from the cavity and appears at the crystal detector (see 
Figure 5.4a). If the centre frequency of the klystron shifted from that of the reso-
nant cavity, a 10KHz voltage appears at the crystal detector. The amplitude of this 
reflected 10KHz signal will depend on the relative difference between fo and fr (see 
Figure 5.4b and 5.4c ). This 10KHz error voltage (it may be considered as an error 
voltage since its phase and amplitude are dependent on the relationship between fo 
and j 1.) is phase detected, and filtered to produce a d.c. output voltage which is used 
to control the klystron reflector voltage. 
The d.c. magnetic field was provided by a 'V- 3603- 121 electromagnet. The 
field in the magnet gap was recorded by a Hall probe attached to one pole face which 
supplies a control voltage to the magnet's power supply. The magnetic field sweep 
was calibrated with a Newport Instruments P2 proton magnetometer. The spectra 
were recorded as first derivatives. To obtain this a 100kHz sine wave modulation was 
superimposed on the static magnetic field using a pair of small modulation coils. 
The microwave energy reflected from the cavity while the field is swept through 
the resonance position is therefore modulated at the same frequency. The phase 
and amplitude of this modulation is dependent upon the characteristics of the EPR 
resonance line and the value of the static magnetic field relative to the centre of 
the resonance line (see Figure 5.5). The microwave energy which is modulated by 
100kHz and which contains the EPR signal information falls on the crystal detector. 
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The signal information is carried to the input of the phase sensitive detector. The first 
derivative EPR signal can be integrated over a long time period in comparison with 
the time periods of the random input signals (noise) to the phase sensitive detector. 
Thus averages can be produced having eliminated almost all of the random (noise) 
signals, so that only the EPR signal information is recorded with a very high signal 
to noise- ratio. The signal is traced out on a chart recorder, the trace being a first 
derivative representation of the original EPR absorption line. 
Spectra from both powder and single crystal samples could be obtained with 
the spectrometer. In the former case the powder samples were contained in spectro-
scopically pure quartz tubes, sealed at one end, with internal diameters of 2mm and 
external diameters of 4mm; typically the sample length would be about 5mm so that 
the whole of the sample was in a region of the cavity in which the E-H field pattern 
was constant. For solid or single crystal samples a piece of solid, usually of dimensions 
about lmm x lmm x 5mm was mounted on the flattened end of a silica rod whose 
position could be raised or lowered to bring the sample to the centre of the cavity. 
Further discussion of the detailed experimental technique is given in reference [5.6]. 
5. 7 Results. 
A number of Yttrium-Barium-Copper Oxide superconducting powders have been 
examined in the Varian 9GHz e.p.r spectrometer, described above, at room temper-
ature. The first group of samples examined were those which had previously been 
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examined in the inductance probe. These were samples lA, 2A and 4A. Of these sam-
ples lA showed superconductivity with a sharp transition near 88K, 2A also showed 
some superconductivity but with a broad transition extending from lOOK to 77K 
but sample 4A did not show any superconducting transition above 77K. The pure 
YBCO sample lA was made from spectroscopically pure BaO, Yz03, and CuO; it 
was a powder. The spectrum is shown in Figure 5.6. It can be seen that there is a 
large intensity room temperature signal. It extends over a very wide field range from 
about 275.0mT to about 350.0mT; the line not symmetrical but gave evidence for 
peaks near 300.0mT with a minimum at 325.0mT (at frequency of 9.334GHz). 
The second superconducting sample 2A gave a very different pattern, Figure 5. 7. 
Here only a large intensity symmetrical single line was observed and this was centred 
~ 
at g-value of g=2.5 (i.e. resonance occurred at 300.0mT at a frequency of 9.44G~; 
the overall linewidth extended from about 250.0mT to 370.0mT. 
The third sample 4A gave a spectrum, Figure 5.8, more similar to that of Figure 
5.6. The features (peaks at 300.0mT and 320.0mT) were pronounced and there is 
also the minimum at 325.0mT. However there is in addition a shoulder near 315.0mT 
which was not present in either the spectrum of sample lA or of sample 2A. The 
overall width of the spectrum was from 280.0mT to 340.0mT. 
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5.8 Discussion. 
Electron Paramagnetic Resonance in the high Tc superconductor Y Ba2Cu301-xhas 
been studied by several authors, in particular by R.Bartucci et al. [5. 7] and G.Amoretti 
[5.8], who used spectrometers working in the 9GHz region. Further e.p.r examinations 
in the same frequency range were made by Castillo [5.9], Durny [5.10], Stankowski 
[5.11] and Mehran [5.12]. In addition some high resolution spectra obtained at Q-band 
(35GHz) have been reported by Blank [5.13]. Reference is first made to Bartucci et 
al's work. In this polycrystalline Y Ba2Cu307-xsamples were prepared and carefully 
characterized at Istituto di Elettronica dello State Solido del Consiglio Nazionale 
delle Ricerche. A mixture of Y203, BaC03, and CuO ·in the nominal molar ratio 
Y:2Ba:3Cu was ground and reacted for 12h in an alumina crucible in flowing 02 at 
900°C. A final heat treatment at 650°C in oxygen atmosphere was given for 12h; thus 
the specimen was a sintered pellet. Their samples were first characterised by x-ray 
diffraction which showed that all the peaks in the pattern belong to the orthorhom-
bic phase Y Ba2Cu301-x· In addition the d.c. resistance versus temperature was 
measured by the four-probe method. The superconducting transition temperature Tc 
was 92±0.5K (midpoint of the resistive transition). Above Tc the behaviour of the 
resistance was metal-like. Bartucci's experimental techniques were very similar to 
those used here, thus his e.p.r measurements were performed using a Bruker Model 
ER-200D-SRC X-band spectrometer equipped with an ER4111VT temperature con-
trol unit (accuracy ±0.3K). The pellet was inserted in an e.p.r quartz tube which in 
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turn was placed in a quartz Dewar centred in aT E102 cavity. The microwave power 
was fixed well below the value causing signal saturation. The spectra were taken 
in the first-derivative mode with a modulation frequency of 100kHz. 1,1-diphenyl-2-
picrylhydrazyl (DPPH, g=2.0037) was used as a reference for the g-value and the 
magnetic field calibration was done by a Magnan precision N.M.R gauss meter. 
Several spectra were taken from just below the transition temperature up to 
room temperature and no change of the line shape or its magnetic field position was 
ever recorded. A further test was performed dipping the sample in liquid nitrogen and 
the main e.p.r features were not only still observable but even clearer. The intensity 
of the resonant signal was certainly changing under temperature increases although 
at different rates. 
Bartucci et al's e.p.r spectra of polycrystalline Y Ba2Cu307-xsuperconductive 
pellets at 77,90,107,128, and 298K, are reproduced in Figure 5.9. Four equally sepa-
rated absorption bands can be resolved as is expected when the unpaired electron of 
the Cu2+ ion interacts with the spin 1=1/2 of its own nucleus. Although a theoretical 
simulation would better clarify the experimental line shape, the dip at 3100G may 
be interpreted as the superposition of two adjacent hyperfine features. The Cu2+ 
hole is in the da;2-y2 orbital with lowest energy because of tetragonal distortions from 
octahedral symmetry. The spectrum at 77K is by far the most intense and shows 
very clearly the shoulder at 91 while the last two hyperfine features merge together. 
Since the spectrum is the envelope of line shapes from all possible orientations 
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Figure 5.9 E PR spectra of Y13CO powder; (after Bartucc i et at) 
of the z axis of the paramagnetic microcrystal with respect to the magnetic field, the 
orientation of the metal-ligand complex in the crystal cannot be determined. Only the 
mean g splitting and IAI hyperfine factors with respect to the same crystal principa)_ 
axes can be found. Nevertheless, a large number of bondings is expected to lie in the 
plane perpendicular to the z axis of the single cupric complex either for the pyramidal 
or square planar ligand environment and actually a large absorption is observed at 
higher magnetic fields. The corresponding g-value is about 2.069 which approaches 
fairly closely the free-electron g value of 2.0023 while the 911 value (2.194) is quite 
different being 911 > 91· No hyperfine structure can be resolved in the high magnetic 
field region while the IAul component can be estimated to be 72 ± 2G. 
A careful inspection of Bartucci et al's measurements shows that the intense 
negative wing is more symmetric at 77K, the shoulder around 91 is sharper, and 
moreover the last two hyperfine features merge together in one broad feature. These 
are the signs of two different E.P.R signals and of a slight shift towards lower magnetic 
fields of one of the two distinct absorptions overlapping all over the experimental 
range. The comparison between these and previous [5.14, 5.15] results gives evidence of 
these two contributions. The spectra do illustrate the point that, for all the powdered 
samples, the e. p.r linewidth increases significantly below Tc. 
Several other workers have reported spectra similar to those of Bartucci et al. on 
powdered or sintered polycrystalline solids of Y Ba2Cu301-x· For example Castillo 
[5.9] gave the result reproduced in Figure 5.10a, and Durny et al. [5.10] gave a selec-
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tion of spectra shown in Figure 5.10(b). In Figure 5.10(b) (B) was a superconducting 
multiphase system prepared according to Chu et al. [5.16], and (C) was prepared ac-
cording to Cava [5.17] and Rinks [5.18]; for both of these samples the measurements 
were made at room temperature. A further examination of the g- 2 E.P.R resonance 
in Y Ba2Cu301-xwas made by Amoretti et al. [5.8] who also made the measurement 
at X-band. Their room temperature spectra are shown in Figure 5.11. These refer to 
both sintered and powdered samples prepared from fine pure Y203, BaC03 and CuO 
(99.99 % purity) powders which were first mixed and heated for 16h at 950°C and 
subsequently pressed into pellets and heat-treated for 12h in flowing oxygen at 950°C. 
These authors also selected small single crystals of about 0.15mm size and observed 
the E.P.R spectrum of the powder obtained by grinding up these single crystals. The 
temperature variation of the spectrum has been studied by Stanskowski et al.[5.11] 
using standard ceramic polycrystalline Y Ba2Cu301-xis shown in Figure 5.12. Sin-
gle crystals of the high Tc superconductor Y Ba2Cu301-xhave also been examined 
by e. p.r by Mehran et al. [5.12]. Figure 5.13 shows the single crystal e. p.r spectra 
observed by Mehran with the magnetic field applied either parallel or perpendicular 
to the plane of the crystal. 
It can be seen that the features revealed in the experimental spectra observed 
here, Figures 5.6, 5. 7 and 5.8, show many similarities with those reported by the 
authors referred to above for samples of similar composition and form. In sum-
mary two distinctive types of spectrum are observed. The first of these e.g. Figures 
5.6,5.8,5.9,5.10,5.11( a),5.11(b) and 5.12 shows four features and the overalllinewidth 
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is large; by contrast the second type of spectrum consistes essentially of a single, 
nearly symmetrical line, Figure 5. 7 and 5.11 (b). The single crystal data, Figure 5.13 
gives some evidence for fine structure but is dominated by a nearly symmetrical high 
intensity feature centered near a g-value of 2.086. In general it is found that mate-
rials which give the broad asymmetrical spectrum do not exhibit superconductivity 
(at least above 77K) whereas the materials which gave the narrower symmetrical 
spectrum are superconducting with Tc of the order of 90K. It is evident from the 
work undertaken here that e.p.r. will form a very useful technique by which to relate 
detailed structural information to the occurrence of superconductivity. This however 
would require careful and systematic study of several samples and much more detailed 
analyses of the e.p.r. spectra. 
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CHAPTER SIX 
CONCLUSIONS (Part I) 
As regards the structural characterization of the materials it has been shown 
that relatively simple XRD methods are sufficient to distinguish between the wide 
variations which occur between batches of the same nominal composition. The 11.50 
em diameter Phillips powder camera used gave an accuracy in lattice parameter de-
termination of ±0.008A. One of the difficulties is that small changes in the lattice 
parameters correspond to variations in oxygen content which, although quite small, 
determine the crucial difference between superconducting and non-superconducting 
behaviour. West's paper suggests that departures from x=7.0 to x=6.5 are enough 
to cause this and this range of x values corresponds to change in c value of only 
from 11.715 to 11.75.5A. To follow these changes with precision required more pre-
cise techniques. However the present work shows quite definitely that the specimens 
which showed superconductivity were those with x values nearest to x=7.0. As re-
gards EDAX and SEM the EDAX results do suggest that there may be considerable 
changes in Y:Ba:Cu ratios between individual grains and although these results may 
require some correction for self absorption etc. they are larger than would have been 
expected. The direct SEM micrographs on the other hand do provide useful and 
reliable information on the microstucture of the ceramic. Any effects due to sample 
charging can easily be overcome by evaporating a thin layer of gold on the sample. 
With conventional SEM equipment good contrast can be achieved and detoJ..led in-
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formation on the grain sizes and shapes obtained. For the samples examined here 
significant changes in both particle shape and size were found for the different samples 
and in particular it was verified that a sintered pellet made from a given powder had a 
microstucture very different from that of the powder. The pellets which showed most 
superconductivity were those which had large (order of lOf.Lm ), square or rectangu-
lar grains closely packed together. The SEM micrographs also showed the presence 
of smaller grains, which may a second phase, interspersed between the large grains. 
It would advantageous to be able to obtain diffraction patterns from each grain, a 
problem which could probably be solved by electron diffraction. EPR has also been 
shown to be a useful technique for the initial selection of samples. Most of those 
which showed superconducting behaviour have an epr spectrum which shows two un-
resolved peaks on the low field side of a symmetric, more intense feature centered 
near g=2. Some of those which do not show any superconductivity gave a single 
symmetrical line of high intensity at room temperature which may have been due to 
the ferromagnetic impurity known to have been present. 
The mam work has been concerned with the development of the inductance 
probe technique and its use in establishing important parameters of superconducting 
material. It is convenient to consider first the use of the probe in the absence of an 
external applied magnetic field. Under these conditions it has been shown that it gaves 
a very reliable means of finding Tc and observing the shape of the superconducting 
transition. One major advantage of the technique in this respect is that no electrical 
contacts are required (the provision of electrical contacts often causes dificulty in 
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the alternative resistance versus temperature method of finding Tc)· For the various 
YBCO samples examined the Tc values were mostly near 86K with one exception at 
ll. 
124K. The determi~ion of Tc does not require absolute values of inductance to be 
known since the position of the superconducting transition is located purely on the 
temperature axis. The absolute changes in inductance between temperatures above 
and below Tc can however be used to estimate the percentage of superconducting 
material in the sample. The relation derived is 
s = LRT- L77 X 100 
PLRT 
(6.1) 
where P is the packing fraction and this is based on the exclusion of flux by a su-
perconductor below Tc. It should be noted that the technique and the formula 6.1 
are applicable to any sample and to any form of sample i.e to powders or to solid 
sintered pellets. This method for determining the percentage of superconductor is of 
general application and is not restricted to YBCO material only; thus it could be used 
as here with conventional superconductors or with other high Tc superconductors of 
completely different composition such as the Tellurium, Lanthanum or Gadolinium 
componds. For the range of superconducting powders examined S was generally only 
a few percent while for sintered pellets it rose to as much as 25% in some cases. 
As regards relating the microstucture of a sample to its superconducting be-
haviour there is some evidence that grain size is an important factor. The larger 
values of S were obtained with samples in which the grain size was about lOJ.Lm and 
in which the grains were well packed together. There are also noticable differences 
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in the width of superconducting transition between different specimens but there is 
insufficient detailed structural information to enable precise correllation to be made. 
The reasons for the relativly low values of Seven in the sintered pellet remain unclear. 
Most of the structural information, supported by results from other laboratories, sug-
gests that most of the materials examined were mainly single phase. On this basis the 
low value of S could be attributed to small changes in oxygen content which would 
not have given sufficiently large changes in lattice parameters or Y:Ba:Cu ratios to 
be detected. An alternative explanation might be that the magnetic field generated 
by the current in the probe coil during measurement exceeded Hc1 • In the present 
experiment this was unlikely as care was taken to reduce this field to about 1 gauss 
which is less than a tenth of the reported literature values of Hc1 . 
A complete series of measurements were also made with the inductance probe 
operating in the presence of an external magnetic field. This mode of operation en-
abled inductance versus magnetic field plots to be obtained. Most of these were taken 
at 77K and permitted evaluation of the lower critical field Hq and also approximate 
estimation of upper critical field Hc2 • In contrast with most of the previously reported 
data (which gave Hc1 values ranging from 70 gauss to 750 gauss) all the supercon-
ducting YBCO samples examined here had Hc1 values near 15 gauss. The L-H plots 
also demonstrated the occurence of hysteresis. 
The inductance probe method has also been used to make a preliminary examina-
tion of penetration depth. It was possible with one sample which had an exceptionally 
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high Tc (124K) to make measurements at several temperatures below Tc. It was ob-
served that the inductance at zero magnetic field varied with temperature in exactly 
the manner predicted by the known variation of penetration depth with temperature 
for Type II superconductors. 
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Part II 
Studies on Cr/MgO 
single crystals and 
powders 
CHAPTER SEVEN 
STRAIN BROADENING OF EPR LINEWIDTHS 
IN Cr/MgO SINGLE CRYSTALS AND POWDERS 
7.1 Introduction 
In a resent publication Thorp and Skinner discussed the dependence of EPR 
linewidth on concentration in Mn/MgO single crystals [7.1] and found that the peak-
to-peak linewidth was concentration dependent and of the right order of magnitude 
to be explain adequately in terms of the de Biasi and Fernandes theory of dipolar 
broadening [7.2]. During the course of that work it was realised that strain, if present 
in the materials examined, could have caused some line broadening which would 
have effected the degree of correspondence between the experimental and theoretical 
results. Consequently, before attempting to make a corresponding study of the EPR 
linewidth dependence on concentration in Cr/MgO, it was decided to investigate 
strain effects, so that more reliable data could eventually be used for the linewidth 
versus concentration examination. Thus in this Chapter we discuss the reduction 
in linewidth observed in both single crystals and powdered .single crystal Cr/MgO 
specimens which had been subjected to annealing heat treatments in order to remove 
residual strain arising during the growth by electrofusion [7.3] of the doped crystals. 
In real crystals lattice distortions are always present. They may arise from a 
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variety of causes including strain, such as that created when the dopant ion and the 
cation of the host lattice differ in size, point defects, such as vacancies and interstitial 
ions, planar defects such as stacking faults and dislocations. The combined effect of 
all types of crystal imperfection is to create a strain field, the magnitude of which at a 
particular point in the crystal is determined by the distribution of defects throughout 
the crystal. The strain field may either change the point symmetry at the param-
agnetic ion or preserve the point symmetry but change the crystal field parameters 
slightly. In the former situation any change in the symmetry of the site occupied by a 
paramagnetic ion will dramatically alter its EPR spectrum. In the latter, the strain 
field changes the values of the crystal field parameters for an individual paramagnetic 
ion and so the resonant field of that ion will be altered. As the amount of strain to 
which individual paramagnetic ions are subjected is variable, the resonant fields of 
the assembly of ions will be distributed over a range of values and hence the absorp-
tion lines will be broadened, although the overall form of the spectrum will remain 
unaltered. The effect of uniaxial stresses on the paramagnetic spectra of doped MgO 
has been discussed by Feher [7.4]. The most important prediction of this theory is 
that the strain broadening for a given transition is proportional to (2M- 1)2 where 
M is the quantum number of the transition. Hence, for any given impurity ion, to 
first order the M = 1/2 0 -1/2 transition is not broadened by strain whereas the 
broadening observed for the M = ±3/2 ~ ±1/2 transition is one quarter of that 
observed for the M = ±5/2 ~ ±3/2 transition. 
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7.2 Characterization of Cr3+in MgO 
For Cr3+in the octahedral crystal field of MgO the 4 A2 orbital singlet is respon-
sible for the paramagnetic resonance absorption and for EPR spectroscopy this level 
may be regarded in isolation, as the next highest triplet (T2) is separated by about 
104cm- 1. Since the 4A2 state acts like a 45 state it might be expected that the spin 
Hamiltonian would simply be 
Hs = gf3H.S (7.1) 
and thus that in the cubic field the three predicted transitions would coincide to give 
one line with a g-factor corresponding to an orbital singlet, i.e. g=2. However the 
Cr3+spectrum is complicated since there is a stable isotope ( Cr53 of about 9.55% 
abundance with a nuclear spin of 3/2 [7.5,7.6]. This results in a small but detectable 
hyperfine structure and the complete spin Hamiltonian becomes [7. 7] 
Hs = gf3H.S + AI.S (7.2) 
Including second order effects, the transitions occur at 
H = Ho- Am- (A2 j2Ho)[I(I + 1)- m2 + m(2M + 1)] (7.3) 
where H0 = hvjgf3 (vis the applied field frequence). 
Experimentally, the terms in (A2 j Ho) are found to be very small (A= 1.8mT, 
Ho = 340mT at 9GHz) and the three transitions for each value of mare unresolved 
to give four hyperfine lines at magnetic fielrl values of: 
(a) m = +3/2, H = Ho- 3/2A; 
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(b)m = +1/2,H = Ho -1/2A; 
(c)m = -1/2,H = Ho + 1/2A; 
(d) m = -3/2, H = Ho + 3/2A. (7.4) 
The EPR spectrum of the isotopes of chromium without nuclear spin can be 
described by the Hamiltonian of equation (7.1) and the spectrum consists of a single 
line with a g-value of 1.9800 [7.7]. The deviation of the g-value from the spin only 
value of 2.0023 is caused by a contribution [7.8,7.9] from the triplet T2 to the orbital 
moment of the ground state. Since the Cr53 isotope is only 9.55% abundant each 
hyperfine structure line has an intensity of approximately 1/42 [7.6] of that of the 
main line at g=l.9800. All seven lines of the spectrum are isotropic. 
7.3 Experimental Results for Cr /MgO Single Crystals. 
7.3.1 As-grown Specimen, spectra parallel to < 100 >. 
The EPR spectra of the Cr /MgO single crystals were first recorded on a Varian 
V 4205-1.5 spectrometer at room temperature with the magnetic field parallel to one 
of the cubic axes. Seven different samples were examined, in which the nominal Cr 
concentration ranged from 800 ppm to 15100 ppm by weight. Some typical single 
crystal spectra are given in Figure 7.1 and Figure 7.2. The spectrum shown in Figure 
7.1, which refers to a crystal containing 800 ppm Cr, consists of a single, intense line 
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with a g-factor of approximately 1.9800 and four less intense lines which are centred 
on the main line and are equally spaced, successive components being separated by 
approximatelly 1.8 mT. The intensity of each line of the quartet is about one fortieth 
of that of the main line. Figure 7.2 shows the corresponding spectrum for a crystal 
containing a much larger chromium concentration of 5000 ppm Cr; this reveals the 
same general features, except that the linewidths are increased. 
This spectrum is well known. It was first reported by Low [7.7] and is due to 
Cr3+ions occupying sites of octahedral symmetry. The central line arises from the 
M = +3/2 (....+ +1/2, M = +1/2 ~ -1/2 and M = -1/2 ~ -3/2 transitions of the 
isotopes of chromium with no nuclear spin ( Cr50 , Cr52 and Cr54 ) which are coincident 
because the four electronic energy levels of these isotopes are equally spaced and, in 
strong magnetic fields, diverge linearly as the applied magnetic field increases. The 
four less intense lines are hyperfine transitions due to chromium, Cr53 , which has a 
nuclear spin, I, of 3/2. The equally spaced hyperfine lines are accurately predicted by 
equation (7.4) and the separation between successive hyperfine lines is equal to A, the 
hyperfine structure constant. The natural abundance of the Cr53 isotope is 9.55% 
and since all four hyperfine lines are equally intense, each hyperfine line is expected 
to have an intensity of about 1/42 of that of the main line. The observed intensity 
ratio of 1/40 is in close agreement with this prediction. 
The parameters characterizing the EPR spectrum of the Cr3+ions in sites of 
octahedral symmetry (the g-factor, the peak-to-peak linewidth of the central line 
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and A, the hyperfine structure constant identified with the hyperfine transitions of 
the Cr53 isotope) were measured for each of the chromium doped magnesium oxide 
single crystals and the values obtained are given in Table 7.1. The g-factors and 
hyperfine structure constant are in close agreement with each other and also with 
previously published data [7.7,7.10,7.11]. 
The Cr3+ions giving rise to the EPR spectrum described occupy sites of octahe-
dral symmetry and it is likely that they substitute for M g2+ ions in the magnesium 
oxide host lattice. In addition, the spectrum described is characteristic of Cr3+ions 
that are isolated from each other which implies that the Cr3+ions are not clustered 
together and do not co-operate magnetically (in contrast, for example, to ions that 
are exchange coupled which do co-operate in such a way that their spins become 
partially or fully aligned and the ions so coupled together act as a single unit). The 
only interactions taking place between the isolated Cr3+ions are dipolar in nature. 
7.3.2 As-grown specimens; polar plots. 
EPR spectra were recorded at 10° intervals as the crystal doped with 800 ppm 
of chromium was rotated in a [100] plane. An additional spectrum was recorded 
when the crystal had been rotated through 45° as at this point the magnetic field was 
parallel to a < 100 > type direction in the crystal. Figure 7.3 shows the variation 
of the resonant magnetic fields of three transitions of the cubic Cr3+spectrum with 
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Chromium concen- Linewidth g- Hyperfine structure Frequence 
tration (ppm) 6.Hpp (mT) Factor constante A( x 104cm- 1) (GHz) 
800 0.506 1.9797 16.44 9.4275 
2500 0.547 1.9806 - 9.4200 
3600 0.921 1.9799 16.61 9.4295 
5000 1.09 1.9797 - 9.4420 
7400 0.645 1.9794 16.68 9.4290 
9500 0.493 1.9764 - 9.4285 
15100 0.564 1.9806 16.48 9.4280 
Table 7.1: EPR Parameters for single crystal Cr/MgO samples H/ / 
< 100 >, 293K. 
Concentration 0:1 0:2 
(ppm) (H RS-1) (H RS- 1) 
2500 Single crystal 0.038 0.909x10-3 
3600 Single crystal 0.038 1.141x1o-3 
5000 Single crystal 0.040 1.250x1o-3 
3600 Powder 0.016 1.000 X 10-3 
Table 7.2: Values of first and second decay rates for single crystal and 
powdered Cr/MgO. 
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polar angle e H (the angle between the < 100 > type direction and the magnetic 
field). The three transitions are the central one (which arises from superimposed 
M = + 1/2 ~ -1/2 and M = ±3/2 ~ ±1/2 transitions of the isotopes of chromium 
with no nuclear spin) and the two outermost hyperfine transitions (MI = +3/2 and 
M1 = -3/2 of the Cr53 isotope. The resonant magnetic fields of the inner hyperfine 
transitions (MI = +1/2andMI = -1/2) of the Crr;3 isotope could not be determined 
because these transitions were not fully resolved from the outer wings of the main 
line in the spectrum. 
Figure 7.3 shows that, in agreement with previously published data, [7.7,7.10,7.11] 
the cubic Cr3+spectrum is largely isotropic, although the small fluctuations in the 
resonant magnetic fields of all three transitions follow a similar pattern. It may be 
deduced that, due to its isotropic nature, the Cr3+spectrum has the same form in 
both single crystal and powdered magnesium oxide, a feature which will be discussed 
later. 
There was no evidence from the full EPR spectra of any of the chromium doped 
samples that any fraction of the chromium existed in any valency state other than the 
trivalent ( Cr3+) state. The Cr+ ion has a 3d5 electronic configuration, but it is not 
surprising that it is not present in our samples, since it has only been observed (using 
EPR techniques) in magnesium oxide single crystals which have been subiected to /-
ray irradiation [7.12]. The Cr2+ ion presents a more difficult problem. In magnesium 
oxide, it has not been observed using normal EPR methods, although it has been 
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detected using acoustic paramagnetic resonance [7.13, 7.14, 7.15]. It is generally agreed 
that the Cr3+ion is far more stable than the Cr2+ ion at room temperature. The 
conclusion reached from the characterisation was that all the chromium dopant in the 
samples existed in the trivalent Cr3+state. 
7.3.3 Annealing of Single Crystal Cr/MgO. 
For heat treatment, each sample was loaded in a boat and placed in the center 
of a furnace. A thermocouple was located as close as possible to the sample boat and 
a temperature controller connected to monitor the required temperature. A steady 
flow of oxygen gas was passed through the furnace to maintain oxidising conditions. 
The heat treatments were completed at 500° C for different lengths of time 
"' for samples containing several different levels of chr~ium, i.e. 5000 ppm, 3600 ppm 
and 2500 ppm. After each annealing period the samples were allowed to cool down 
gradually (from 500° C to room temperature through five hours). The g-factor and 
peak-to-peak linewidth of the central transition, 6.Hpp, were measured for each spec-
trum after each annealing time. There was no change in the g-factor but it was found 
that there was a decrease in the peak-to-peak linewidth, 6.Hpp, with annealing time 
increasing until a constant value was eventually reached. This is shown graphically 
in Figure 7.4 which refers to the 3600 ppm Cr crystal. It appears from Figure 7.4a 
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that there was an exponential decay of the form: 
(7.5) 
where:[6Hpp]t is the peak-to-peak linewidth after heat treatment oft hours, [6Hpp]o 
is the peak-to-peak linewidth before heat treatment, and a is a constant and may be 
determined from the slope of the plot of ln[bHpp] against annealing time, t. 
This was confirmed by the semi-log plot shown in Figure 7.4b which however 
reveals two linear regions of different slope representing two separate decay times. 
Similar annealing experimentswere made with two other single crystals, containing 
2500 ppm Cr and 5000 ppm Cr respectively and the data is shown in Figure 7.5. 
Each of these crystals also exhibited a two stage reduction in linewidth resulting 
from annealing and the collected decay rate data is given in Table 7.2, which also 
includes a result obtained from a sample of powdered single crystal. 
7.4 Experimental Results for Cr/MgO Powders 
7.4.1 Characterization of the EPR Spectra 
Powders were prepared from single crystal chippings of five chromium doped 
MgO samples. The chippings were crushed and the powders were sieved through 
a 185f..lm mesh. Spectra were recorded from all five powders and comparison with 
the single crystal spectra shows that the two are almost identical and confirms that 
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the powder spectrum can be identified with isolated Cr3+ions in sites of octahedral 
symmetry. The powder is a collection of randomly oriented crystallites but the res-
onant magnetic fields of the various transitions are independent of polar angle. The 
cubic Cr3+spectra obtained from the powder samples were analysed to give the g, A 
and 6Hpp values listed in Table 7.3; these agree to within experimental error with 
those obtained from the single crystal samples (Table 7.1) and also with those pub-
lished in the literature [7.7,7.11]. It is noticeable that, for each doped sample, the 
linewidth is greater than in the corresponding single crystal from which the powder 
p 
was made. Only the cubic Cr3+Actrum is observed for the powder samples. The 
axial Cr3+spectrum and the Cr3+pair spectrum, both of which were observed for 
the single crystal samples, are not seen. This is because these spectra are highly 
anisotropic and the associated transitions are spread over a wide range of magnetic 
fields. Thus the powder spectra are much cleaner than the single crystal spectra in 
that the number of lines observed is greatly reduced. 
Computer simulation of the powder spectrum of Cr3+in octahedral sites in MgO 
were also undertaken [7.16]. The values of A and g determined experimentally from 
the single crystal spectrum at a particular dopant concentration were used to sim-
ulate the powder spectrum at the same dopant concentration. Because of this the 
computed powder spectrum at any given dopant concentration should, if the simu-
lation procedure is valid, be identical to the experimental single crystal spectrum at 
the same dopant concentration. This was found to be the case. 
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Chromium concen- Linewidth g- Hyperfine structure Frequence 
tration (ppm) 6.Hpp (mT) Factor constante A(x104cm- 1) (GHz) 
800 0.568 1.9793 16.43 9.4290 
3600 0.929 1.9804 16.41 9.4275 
7400 0.721 1.9797 16.31 9.4280 
9500 0.587 1.9793 16.42 9.4270 
15100 0.674 1.9791 16.59 9.4275 
Table 7.3: EPR Parameters for powdered Cr/MgO samples; 293K. 
Annealing time Linewidth g- Hyperfine structure Frequence 
(HRS) 6.Hpp (mT) Factor constante A( x 104cm-1) (GHz) 
0 0.929 1.9804 16.41 9.4275 
12 0.772 1.9791 16.60 9.3800 
24 0.690 1.9796 16.42 9.3790 
35 0.699 1.9792 16.56 9.3800 
83 0.646 1.9791 16.58 9.3805 
155 0.617 1.9790 16.50 9.3800 
Table 7.4: EPR Parameters at 293K for 3600 ppm Cr/MgO powdered 
samples annealed for various times. 
7.4.2 Annealing of Powder Specimens 
At any given dopant concentration, the linewidth of the central transition of 
the cubic Cr3+spectrum measured for the single crystal is the same as its width in 
the computer simulated powder spectrum, although it is considerably broader in the 
experimental powder spectrum. It might be thought that the discrepancy is due to 
the variation of dipolar linewidth with polar angle. However, it has been reported in 
the literature [7.10] that, at all the dopant concentrations examined here, the width 
of the central transition in the cubic Cr3+spectrum is independent of the polar angle 
e. Thus it appears that dipolar effects cannot explain the increase in the width of 
the central line in the cubic Cr3+spectrum when a single crystal is powdered. 
We propose that the linewidth of the M = +1/2 0 -1/2, ±3/2 ~ ±1/2 tran-
sition is greater in the powder than in the single crystal due to the effects of lattice 
strain. An experiment was undertaken which provided evidence supporting this sug-
gestion. A similar annealing experiment to that conducted for the single crystal 
doped with 3600 ppm Cr was undertaken for the corresponding powder. Table 7.4 
shows the values of g, A and 6Hpp measured from the cubic Cr3+spectra which 
were recorded after the powder had been subjected for various lengths of time to the 
"annealing" heat treatment. A plot of the linewidth of the central transition against 
time is illustrated in Figure 7.6(a) and Figure 7.6(b) shows the relationship between 
ln(6Hpp) and annealing time. As in the single crystal case, A and g are unaffected 
by the annealing process. The decrease of the linewidth and the ln(6Hpp) with the 
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annealing time is also similar in form for the single crystal and powdered samples 
doped with 3600 ppm of chromium. However, for the powdered sample the decay 
rates are smaller than for the single crystal. 
7.5 Discussion. 
In discussing the reasons for the systematic reduction in linewidth as a function 
of annealing time, one factor may by eliminated at the outset. This is that a decrease 
in the concentration of isolated Cr3+ions in cubic sites would result in a reduction of 
6Hpp, simply because the degree of line broadening arising from dipolar interactions 
would decrease. However, it has been established, as described in detail by Skinner 
[7.16], that the annealing process is unlikely to bring about a reduction in the con-
centration of these ions. Therefore it is proposed that the linewidth decreases after 
annealing because internal strains in the crystal, which lead to EPR line broadening, 
are removed as a result of heat treatment. Consideration of the single crystal data 
indicates that there are two sources of strain in the crystal. One is readily removed 
by the heat treatment and consequently the initial decrease in linewidth is rapid. The 
other is not relieved so rapidly by the annealing process and the exponential decay 
of the linewidth is less rapid. The change in decay rate is not likely to be due to the 
physical shape of the sample i.e. it is not because the strain in the regions of the 
lattice surrounding paramagnetic ions near the surface is relieved faster than in the 
bulk. This may be deduced from comparison of the decay rates for the powdered and 
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single crystal 3600 ppm Cr /MgO specimens. Although the ratio of surface area to 
volume is greater for the powder than for the single crystal, in each case there are 
two distinct decay rates, the annealing times at which the change in rate occurs are 
similar and the magnitudes of the decrease in the linewudth brought about by the 
annealing process are also similar. 
Each isolated Cr3+ion in octahedral symmetry has a cation vacancy associated 
with it and although both types of point defect will distort the lattice the strain 
fields surrounding them will be different. It is proposed that the rapid decay rate is 
a result of cationic vacancy strain relief and that the slower decay is caused by the 
removal of lattice distortion originally brought about when M g2+ ions are replaced 
by Cr3+ dopant ions in the host material. With single crystals the changeover point 
from the rapid to the slower decay occurs at successively longer times as the chromium 
concentration increase, e.g. from 4 hours with 2500 ppm Cr to 12 hours with 5000 
ppm Cr. 
Turning to the results obtained from the powdered single crystal material it can 
be noted first that Figures 7.4a and 7.6a and also Figures 7.4b and 7.6b are virtually 
identical indicating that the sources of strain in the single crystal and powder samples 
are the same. Therefore, the sources of strain in the powder are also associated with 
lattice distortion in both the regions immediately surrounding the cationic vacancies 
and in those near the isolated Cr3+ions in substitutional sites. The exponential 
decay of the powder linewidth with increasing annealing time also follows equation 
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7.5. Examination of the decay rate data given in Table 7.2 shows that both types 
of lattice strain are relieved by the annealing process at a slower rate in the powder 
than in the single crystal. 
Grinding will increase lattice distortion both in the regions surrounding each 
cationic vacancy and each isolated Cr3+ion located at a substitutional site. It is no-
ticeable that the annealing time at which the rapid decrease in the linewidth ceases is 
greater in the case of the powder than in the case of the single crystal. This indicates 
that there is more strain associated with the rapid decay rate in the powder sample 
than in the single crystal sample doped at the same level. For confirmation, all five 
chromium doped MgO powders were annealed for 24 hours using the same heat treat-
ment. Cubic Cr3+spectra were recorded and the values obtained for the crystal field 
parameters (A and g) and the linewidth 6Hpp at each dopant concentration are given 
in Table 7.5. Once again, g and A are unaffected by the annealing process whilst, at 
each dopant concentration comparison with Table 7.3 shows that the linewudth of the 
cubic Cr3+central transition is less in the spectrum of the heat treated powder than 
in the spectrum of the powder before heat treatment. The comparison also shows 
that, in general, annealing has the greatest effect on the powders which have the 
largest linewidths before heat treatment. This suggests that the greater the initial 
amount of strain in powder sample, the greater will be the reduction in lattice distor-
tion for a given period of heat treatment. In addition, the increase in the linewidths 
of the M = + 1/2 ~ -1/2, ±3/2 ~ ±1/2 transition in the cubic Cr3+spectrum upon 
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Chromium concen- Linewidth g- Hyperfine structure Frequence 
tration (ppm) l::::.Hpp (mT) Factor constante A( x 104cm- 1) (GHz) 
800 0.556 1.9795 16.48 9.3805 
3600 0.690 1.9796 16.42 9.3790 
7400 0.437 1.9793 16.38 9.3790 
9500 0.416 1.9795 16.11 9.3790 
15100 0.442 1.9793 16.49 9.3790 
Table 7.5: EPR Parameters at 293K for annealed Cr /MgO powder 
samples (annealed at 500° C for 24 HRS and cooled slowly (over 10 HRS)). 
powdering a single crystal sample is, in general, greater the smaller the initial single 
crystallinewidth. This leads to the conclusion that powdering a single crystal sample 
introduces lattice distortion more readily if the single crystal is relatively strain free 
than if the single crystal is highly strained. Thus it appears there is a maximum 
amount of lattice distortion which the host lattice can support. 
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CHAPTER EIGHT 
MAGNESIOCHROMITE FORMATION 
AND EPR LINEWIDTHS IN Cr/MgO 
8.1 Introduction 
In a number of previous epr studies the linewidth versus concentration behaviour 
of several magnesia systems doped with transition metal ions has been investigated. 
These studies included for example Cr/MgO [8.1], and Mn/MgO [8.2] where the main 
interest was to use the systems as vehicles for testing the validity of epr line broaden-
ing theories, particularly of dipolar interaction between isolated or clustered ions. The 
Fe/MgO system has also been extensively examined, [8.3,8.4,8.5] and it was shown 
that, in Fe doped crystals, magnesia-ferrite precipitates are formed. These ferrimag-
netic precipitates have been studied in some depth partly because of their interest as a 
system exhibiting fine particle magnetism and partly because the frequent occurrence 
of iron as an impurity in some commercial magnesias used for refractory insulators 
raises the question of the role of impurites or heat induced phases in determining the 
electrical properties of the ceramic. In the present work on the Cr/MgO system the 
main aim was to re-examine the epr linewidth versus concentration variation so as 
to be able to make a comparison with the de Biasi and Fernandes broadening theory 
[8.6] which takes account of exchange interactions as well as the previously discussed 
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purely dipolar broadening mechanism [8. 7,8.8]. 
The Spin Hamiltonian parameters of various Cr/MgO epr spectra have been 
fairly extensively reported. Chromium was first detected in MgO as isolated Cr3+ 
ions in sites of octahedral symmetry [8.9]. Since then the Cr3+ spectrum has been 
observed by several other groups e.g. [8.10] and Cr3+ has also been found in sites of 
tetragonal [8.11] and orthorhombic [8.12] symmetry. The Cr2+ ion is not detectable 
with conventional epr but has been observed by acoustic paramagnetic resonance 
[8.13]. The Cr+ species has only been reported in irradiated MgO [8.14]. Chromium 
tends to adopt the ( +3) oxidation state, even where it substitutes for a ( +2) ion, and 
cr+2 is only found in appreciable quantities in samples which have been prepared in a 
reducing atmosphere [8.15]. The Cr3+ ions which enter the MgO lattice show a strong 
preference for octahedral co-ordination [8.16]. However, it is difficult for Cr3+ ions to 
compensate for their single excess positive charge with respect to the M g2+ ions of 
the host lattice either by valency variation or by the inclusion of cationic vacancies. 
This leads to a lack of solubility of Cr3+ ions in MgO : there seems to be a saturation 
concentration of isolated ions which the MgO lattice can support. Any remaining 
Cr3+ ions tend to cluster and form precipitates of the spinel M gCr204 which 1s 
electrically neutral and therefore provides its own internal charge compensation. 
The lack of solubility of Cr3+ in MgO and the consequent formation of magne-
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siochromite has been studied by several groups of workers [8.17] using a variety of an-
alytical techniques including EPR, x-ray diffraction, diffuse reflectance spectroscopy 
and magnetic susceptibility measurements. It has been established that incorporation 
of equal quantites of Cr3+ and Li+ ions leads to dispersion of the chromium ions, 
because no charge compensation is required for Cr3+ -Li+ pairs. It thus appears 
that, in Cr/MgO crystals grown by electrofusion, such as those examined here, the 
expected behaviour at low concentrati~ns is that the chromium will exist mainly as 
Cr3+ ions which are isolated and substitute for M g2+ ions. In these circumstances, 
the Cr3+ excess charge will be compensated by M g2+ vacancies, one vacancy for 
every two Cr3+ ions. At higher doping levels (greater than one atomic percent ) the 
Cr3+ ions cluster and combine with M g2+ ions, 0 2- ions and vacancies to form pre-
cipitates of the spinel phase, M gCr204 .This has implications for linewidth studies, 
which are discussed below. 
8.2 Spinel Structure 
The general formula of spinel like compounds is XY204 , where X is usually a 
divalent cation and Y a trivalent cation. The crystal structure is cubic and like the 
magnesium oxide structure, is based upon a close-packed face-centred cubic arrange-
ment of the oxygen anions. However, the spinel unit cell is much larger than that of 
MgO and contains a total of 32 anions and 24 cations. 
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The 24 cations fill the interstitial sites in the cubic close packed array of o2-
ions; there are a total of 96 such sites in each unit cell. Sixty four of the interstitial 
sites are each tetrahedrally surrounded by four 0 2- anions and the remaining 32 are 
each octahedral surrounded by six 0 2- anions. Only one eighth of the tetrahedral or 
type 'A' sites and one half of the octahedral or type 'B' sites are actually occupied by 
cations. In the case of normal spinels the divalent cations occupy the tetrahedral A 
sites and the trivalent cations occupy the octahedral B sites. A spinel is referred to as 
being inverse if half the trivalent cations occupy A sites (the remaining trivalent and 
divalent cations are randomly distributed among the octahedral B sites). Disordered 
spinels have the divalent and trivalent cations randomly distributed over all the A 
and B sites. 
Magnesiochromite is a normal spinel (the 8 M g2+ ions occupy tetrahedral sites 
and the 16 Cr3+ions occupy octahedral sites in the unit cell). This is because the 
crystal field stabilization energy of Cr3+ions is much greater in octahedral than in 
tetrahedral sites and therefore they will preferentially occupy the octahedral inter-
stices[8.16]. Since the spinel and magnesium oxide crystal structures are both based 
on the same cubic close packed array of 0 2- anions, precipitates of compounds with 
the spinel structure tend to form in MgO with their crystallographic axes aligned 
with those of the host lattice i.e the lattice of the spinel precipitate is in register with 
that of the host MgO crystal. That precipitates of M gCr204and M gFe204 can form 
in MgO without distorting the arrangement of the anions in the surrounding host 
109 
lattice is also suggested by the fact that the lattice parameters of these compounds 
are almost exactly twice that of MgO ( aMgO = 4.2112A; aMgCr2 0 4 = 8.32A; 
aMgFe2o4 = 8.37 A). 
8.3 E P R Linewidth Theories . 
Recently, de Biasi and Fernandes [8.6] have modified the Van Vleck [8. 7] and 
Kittel and Abrahams [8.8] dipolar broadening theories to include the effect of exchange 
interactions. In dilute solid solutions the effect of exchange is quite different from its 
effect in concentrated solutions i.e. in substances where all or almost all of the cationic 
sites are populated by paramagnetic ions. In the latter case, the exchange interaction 
leads to exchange narrowing [8. 7]. In dilute solutions, the probability that several 
ions are coupled together by exchange forces is very low. On the other hand, there is 
a significant number of pairs of exchange coupled ions. These pairs do not contribute 
to the broadening of the main resonance line, since the ground state of such a pair 
(assuming antiferromagnetic coupling, as is usually the case) is a singlet. Ions which 
are too far apart to be exchange coupled only interact with each other via the dipolar 
mechanism. The de Biasi and Fernandes approach quantifies the number of exchange 
coupled pairs in a dilute solid solution and excludes the ions so coupled from the 
summation terms in the expressions [8.18] for the dipolar linewidth and cut-off fields 
of the truncated Lorentzian lineshape. 
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In his dipolar broadening theory, Van Vleck [8. 7] assumed that there is no by-
perfine interaction or zero-field splitting of the spin energy levels, and this restricts 
the range of application of the theory. As the Kittel and Abrahams and de Biasi and 
Fernandes models are both based on Van Vleck's original theory, their models only 
hold for ions with S = 1/2 in any symmetry or for ions with 5 < 2 in cubic sym-
metry. On the other hand, Pryce and Stevens [8.19] demonstrated that Van Vleck's 
theory (and therefore Kittel and Abrahams and de Biasi and Fernandes models) can 
be applied in the presence of hyperfine interactions to each of the lines of the hy-
perfine structure, provided that the hyperfine splitting is larger than the linewidth 
of the individual lines. Hence de Biasi and Fernandes' model is directly applicable 
to Cr3+ions in magnesium oxide. The de Biasi and Fernandes' model leads to the 
following general expressions: 
(8.1) 
(8.2) 
Here A(5)and B(5)are constants which depend upon the parameters characterizing 
the paramagnetic ion and the host lattice i.e: 
A(5) - f1ogf3 [ 5(5 + 1) ]1/2 
- 47ra3 1.4 + 0.3(52 + 5)-1 
B(5) = f.Logf3 [0.3 + 1.45(5 + 1)] 112 
47ra3 
(8.3) 
(8.4) 
and a is the nearest neighbour distance in the host lattice. The other components of 
equations (8.1) and (8.2) are defined as follows: 
fe = /(1 - f)z(re) (8.5) 
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Sie(re) = a6 L rjk6(1- 3cos20jk)2 (8.6) 
Tjk>re 
S2e(re) = a12 L rjk12 (1 - 3cos20jk)4 (8.7) 
Tjk>re 
In these relations fe is the concentration of substitutional ions not coupled by the 
exchange interaction, re is the effective range of the exchange interaction and z(re) is 
the number of cationic sites included in a sphere of radius re. For powdered samples, 
the powers of the direction cosines in equations (8.6) and (8. 7) can be replaced by 
their averages over a sphere ((1 - 3cos28jk)2 = 4/5 and (1 - 3cos28jk)4 = 48/35). 
The peak-to-peak linewidth and the cut off fields are then given by : 
6Hpp = C1A(S) (8.8) 
IHc- Hoi = C2B(S) (8.9) 
where 
C1 = (1rJ1 /15)fe[SI(re)] 312[S2(re)t112 (8.10) 
C2 = (3V21/7)[S2(re)/SI(re)]112 (8.11) 
Sl(re) = a6 L: -6 rjk (8.12) 
Tjk>re 
S2(re) = a 12 L: -12 rjk (8.13) 
Tjk>re 
The values of the coefficients C1 and C2 are independent of the parameters of the 
paramagnetic ion and the host lattice. C1 is a function of the total concentration of 
the paramagnetic ion, the range of the exchange interaction and the lattice geometry. 
C2 depenrls only on the lattice geometry and the range of the exchange interaction. 
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To apply de Biasi and Fernandes theory to impurity ions distributed in mag-
nesium oxide powders we need to compute the values of C1 and C2 for an FCC 
lattice. C1 and C2 are readily determined once the values of the summations S1(re) 
and S2(re) defined by equations (8.12) and (8.13) are known. As the convergence of 
these summations is relatively slow, their evaluation becomes much easier if they are 
written in the form : 
Sl(re) = a6[S1(oo)- L rjk6] (8.14) 
Tjk<re 
S2(re) = a12 [S2( oo) - L rjk12] (8.15) 
Tjk<re 
the literature [8.23]. If the paramagnetic ions occupy cationic sites in the host lattice 
the radius vectors, rjkl may be determined using trigonometry. The results for a 
general FCC lattice are shown in Table 8.1. Here n is the number of the order of each 
coordination (n=1 includes no neighbouring sites, n=2 the nearest neighbour sites 
and so on), r = rjk/ a is the radius of the corresponding sphere and N is the number 
of cationic sites on the surface of the nth coordination sphere. The summations Sl(re) 
and S2(re) are truncated at the surface of a particular coordination sphere, depending 
on the range of the exchange interaction. 
The values of C1 and C2 are shown in Figure 8.1 and Table 8.2 respectively. 
The concentration dependence of C1, illustrated in Figure 8.1 for ten different ranges 
of the exchange interaction, shows that, for the same impurity concentration, the 
value of C1, and hence the linewidth, tends to decrease as the range of the exchange 
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n r N Nr- 6 Nr-12 St(re) S2(re) 
2 Vi/2 12 96.000 768.000 19.631 8.440 
3 v'3/2 6 6.000 6.000 13.631 2.440 
4 1 24 7.104 2.102 6.527 0.338 
5 Vi 12 1.500 0.187 5.027 0.151 
6 VW/2 24 1.536 0.098 3.491 0.053 
7 .;3 8 0.296 0.011 3.195 0.042 
8 . /14/2 48 1.104 0.024 2.091 O.Q18 
9 2 6 0.096 0.002 1.995 0.016 
10 3Vi./2 36 0.396 0.004 1.599 0.012 
Table 8.1: Calculated values of S1 (re) and S2 (re) for the FCC lattice. 
n c2 z(re) 
1 5.089 0 
2 1.288 12 
3 0.831 18 
4 0.447 42 
5 0.340 54 
6 0.242 78 
7 0.225 86 
8 0.182 134 
9 0.176 140 
10 0.172 176 
Table 8.2: Calculated values of C2 and z(re) for the FCC lattice. 
0.20 ..-----.------..---------r 
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Figure 8.1: Concentration dependence of the linewidth coefficient 
C1 for a face-centred cubic lattice and several 
ranges of the exchange interaction. 
interaction is increased. Table 8.2 demonstrates that the coefficient C2, and thus the 
value of I He- Hoi, decreases as the range of the exchange interaction is increased. 
If clustering effects are important the model can still be used provided that the 
equation : 
fe = f(1- PfY(re) (8.16) 
is used in place of equation (8.5) (pis known as the "clustering factor" and is defined 
as the ratio of the actual probability that a neighbouring cationic site is occupied to 
the probability of occupation if the distribution were random). In applying the theory 
to the Cr3+linewidths examined here the major steps in the analysis are to calculate 
the theoretical dependence of the peak-to-peak linewidth upon dopant concentration 
for various values of n from equation (8.8), [A(S) is a numerical constant which simply 
depends upon the parameters characterizing the dopant ion and is given by equation 
(8.3); C1 may be determined for various values of n and at a number of different 
dopant concentrations with the aid of Tables 8.1 and 8.2 equation (8.5) and (10)], to 
compare a graph of experimental peak-to-peak linewidth against concentration with 
the theoretical curves to determine n and finally to obtain the values of re and C2 
corresponding to n from Tables 8.1 and 8.2. 
8.4 Experimental Techniques. 
The E.P.R spectra were recorded at room temperature with a Varian V4502-12 
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9GHz spectrometer for a series of Cr doped MgO single crystals and powders which 
had a nominal range of Cr concentration from 800 ppm Cr to 15000 ppm Cr. All 
the single crystals were also examined by reflection high energy electron diffraction 
(RHEED) in order to detect the presence of the spinel phase in the cubic MgO host 
matrix. In order to remove residual strain (which would lead to line broadening 
[8.20]) heat treatment at an annealing temperature of 500°C was chosen. The phase 
diagram of the MgO-M gCr204system, Figure 8.2, indicates that, at this temperature 
and for dopant concentrations of the order of 1%, two phases will exist. In the case 
of chromium doped MgO these phases are a solid solution of Cr3+ions in MgO and 
the spinel M gCr204. In the as received state, the more lightly doped Cr/MgO 
single crystals (those containing 800 ppm, 3600 ppm and 7400 ppm of chromium) did 
not display diffraction spots due to the spinel M gCr204in their RHEED diffraction 
patterns. Consequently, these crystals were heat treated at 800°C in an oxygen 
atmosphere for 10 hours and then quenched to room temperature. It was hoped that 
the higher temperature would promote growth of the spinel phase and that quenching 
would preserve the high temperature distribution of the Cr3+ions between the solid 
solution and clustered phases thereby enabling the spinel spots to be observed on re-
examination by RHEED. The main evidence for the formation of magnesio-chromite 
precipitates came from RHEED investigations. Five as received single crystals of 
Cr/MgO with different dopant concentration were examined using RHEED. The work 
was carried out on a JEM -120 electron microscope operating at 100 kV. The electron 
beam of the microscope impinged upon the large face of the sample under investigation 
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Figure 8.2: Phase equilibrium diagram for the system MgO-MgCr204 
(which had typical dimensions of 10 mm x 5 mm x 1 mm) at a glancing angle (one 
or two degrees ) and was diffracted by the crystal lattice. 
A comprehensive account of the RHEED technique has been given by Russell 
[8.21]. Further experimental and theoretical details which are particularly relevant 
to the RHEED work reported in this section are given by Inglis [8.22] who, using 
a similar approach to that adopted here, investigated the formation of the spinel 
magnesioferrite (M gFe204) in iron doped MgO. 
The samples to be investigated were cleaned in acetone, dried in air and then 
etched in fuming nitric acid for varying lengths of time. The etchant attacks MgO 
much more rapidly than it attacks the spinel precipitates; this results in the forma-
tion of etch hillocks on the sample surface with spinel phase material at the peaks. 
Thus, etching in this way will cause the electron beam to irradiate spinel precipitates 
preferentially when it is glanced off the surface. The spots in the diffraction pattern 
arising from the precipitates are therefore artificially increased in intensity compared 
with those arising from the MgO host material, thereby increasing the sensitivity of 
RHEED to the presence of the spinel phase. 
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8.5 RESULTS. 
8.5.1 EPR Linewidth Results. 
8.5.1.1 Single Crystals . 
The peak-to-peak linewidth of the central transition of the cubic Cr3+spectrum 
(which represents three coincident lines corresponding to the M = + 1/2 ~ -1/2 
and M = ±3/2 ~ ±1/2 transitions) was measured with the magnetic field parallel 
to a < 100 > direction in the crystal for each doped sample. The values obtained 
are plotted against total nominal chromium concentration in Figure 8.3. The least 
squares method was used to fit the experimental points to the cubic equation : 
6Hpp(mT) = 0.27 + 3.44 x 10-4 [Cr] 
-5.55 X 10-8[Crf + 2.25 X 10-12 [Cr] 3 
where [Cr] is the nominal chromium concentration in ppm by weight 
(8.17) 
It is clear from Figure 8.3 that the experimental dependence of EPR linewidth 
upon chromium concentration does not agree with that predicted by the dipolar 
broadening theory of de Biasi and Fernandes. The measured linewidths are much 
smaller than expected and the form of the experimental curve does not correspond 
with that of any one of the theoretical curves calculated for different ranges of the 
exchange interaction using de Biasi and Fernandes model. Indeed, the measured 
linewidths are so much smaller than those predicted by dipolar broadening theory, it 
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has been assumed in the past, quite reasonably, that the central transition linewidth 
is independent of the chromium concentration [8.10]. Strictly speaking, the de Biasi 
and Fernandes model, is only valid for powders. Consequently further measurements 
were made on a series of powdered single crystals. 
8.5.1.2 Powdered Single Crystals . 
The linewidth between points of maximum slope, 6Hpp, of the central transition 
in the cubic Cr3+spectrum was measured for each powder sample and each heat 
treated powder sample and the values obtained are plotted against total nominal 
chromium concentration in Figures 8.4 and 8.5 respectively. The data points lie on 
curves described by cubic equations. Using the least squares method , the equation 
giving the best fit to the experimental points for the powder samples was found to 
be: 
6Hpp(mT) = 0.36 + 2.98 x 10-4 [Cr] 
-4.74 X 10-8 [Crj2 + 1.92 x 10-12 [Cr] 3 (8.18) 
whilst for the annealed powder samples the best fit was obtained for the equation : 
6Hpp(mT) = 0.49 + 1.18 x 10-4 [Cr] 
(8.19) 
where [Cr] is the nominal total chromium concentration in ppm. The variation of 
linewidth with chromium concentration for the powder samples and also for the heat 
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treated powder samples is very similar in form to that for the single crystal samples 
when H is parallel to a < 100 > direction in the crystal (see Figure 8.3). Thus the 
experimental dependence oflinewidth upon nominal chromium concentration for both 
the powder and annealed powder samples cannot be explained solely in terms of de 
Biasi and Fernandes dipolar broadening theory although Cr /MgO is an ideal system 
to which their theory may be applied. We suggest that the discrepancy between 
theory and experiment is due to the fact that a significant proportion of the chromium 
dopant exists in precipitates of the spinel phase M gCrz04. 
8.5.2 RHEED Results . 
The RHEED pattern shown in Figure 8.6 was obtained from the sample doped 
with 800 ppm of chromium after it had been etched for 1 minute, and was obtained 
with the electron beam almost parallel to a < 100 > direction. The MgO lattice is 
face centred cubic and, the diffraction spots may be indexed with reciprocal lattice 
points corresponding to the reflecting planes producing the spots which are consistent 
with this type of lattice. Furthermore, the spacings of the diffraction spots confirm 
that the face centred cubic lattice producing these RHEED patterns has a lattice 
parameter equal to that of MgO. 
Similar patterns were obtained from the samples doped with 3600 ppm and 7400 
ppm of chromium. Variation of the etching time did not produce any changes in 
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the patterns observed. Figure 8. 7 was obtained from a sample doped with 15100 
ppm of chromium after it had been etched for one minute . The spots which are 
wholly or partially due to MgO may be determined by comparing Figures 8.6 with 
8.7 (the MgO spots are more intense than the rest in the patterns of Figure 8.7). The 
additional spots which appear in Figure 8. 7 arise from a second cubic lattice which 
is in alignment with the MgO host lattice and which has a lattice parameter equal to 
twice that of MgO. It is thought that the additional spots are caused by precipitates 
of the spinel magnesiochromite M gCr204which, in the bulk, has a lattice parameter 
of 8.333A almost exactly twice that of MgO (aMgO = 4.2112A). The indices given 
to the diffraction spots refer to the Miller indices of the reflecting planes in the 
M gCr204lattice which are responsible for them. Evidence that the assignment of the 
additional spots to M gCr204is reasonable is provided by the x-ray ASTM index card 
of this material, which, although it refers to x-ray diffraction, is equally applicable to 
RHEED data. Firstly, of the reflections which the ASTM index indicates are allowed, 
all are either present, or would be present at positions which overlap with the spots 
due to MgO reflections, in Figure 8. 7. Secondly, the reflections which the ASTM index 
predicts will be absent are either absent or overlap with host lattice reflections, so 
that it is not possible to determine whether there are spinel spots at these positions. 
The etching time did have an effect upon the RHEED patterns of the samples for 
which spinel spots were observed. For etching times greater than one minute rings 
were also observed, as shown in Figure 8.8 which illustrates the RHEED patterns 
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Figure 8.G: IlHEED pattern from Cr/MgO single crystal; dopant con-
centration 800ppm, teching time 1 min. 
Figure 8. 7: RHEED pat tern from Cr /rYigO single crys t al; dopant con-
centration 15,100pprn, etching time lmin. 
Figure 8.8: RHEED patt ern from Cr j l'\'lgO siugle crystal; clop a n t con-
centration lG,lOOppm, etchiug time 2::> min. 
recorded with the electron beam parallel to a< 100 > direction for the sample doped 
with 15100 ppm of chromium after it had been etched for 25 minutes. The pattern of 
rings is consistent with them being due to the spinel precipitate and not the MgO host. 
As rings are an indication of polycrystallinity, the spinel precipitates responsible for 
the rings are not aligned with the MgO host lattice but have random orientations. It is 
thought that excessive etching causes the base of the etch hillocks which is composed 
of MgO to be dissolved away, thereby depositing the insoluble spinel precipitates, 
initially located at the peaks of the etch hillocks, onto the sample surface. The 
precipitates will be deposited on the surface with random orientations and hence give 
rise to a "powder" diffraction pattern composed of rings. The lightly doped samples 
(those containing 800 ppm, 3600 ppm and 7400 ppm of chromium), whose RHEED 
patterns did not show the presence of magnesiochromite were heat treated at 800°C 
for 10 hours in an oxygen atmosphere in order to try to induce growth of the spinel 
phase. Re-examination by RHEED showed that only in the sample doped with 7 400 
ppm of chromium had any spinel precipitates been formed. 
8.6 Discussion . 
In a recent paper de Biasi and Fernandes analysed experimental linewidth data 
for a series of Cr /MgO powders in terms of their theoretical model and found that 
the linewidth of the central transitions in the cubic Cr3+ spectra recorded laid on the 
theoretical curve for n=5 (see Figure 8.1). Substituting the constants appropriate for 
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chromium and the value n=5 into equation (8.8), it follows that the dependence of 
the linewidth between points of maximum slope upon chromium concentration for de 
Biasi and Fernandes samples obeys the equation: 
6.Hpp(mT) = 629f(l- !)54 (8.20) 
where f is the fractional chromium concentration of isolated Cr3+ ions. We suggest 
that the difference between the concentration dependence of the linewidth in the 
present samples and the examined by de Biasi and Fernandes could be accounted for 
by the fact that M gCr204precipitates are present in our annealed powder samples 
but not in de Biasi and Fernandes. Using equation (8.20), we can find the points on 
the curve of this equation corresponding to the linewidths measured for our samples 
and read off from the fractional concentration axis the concentrations of chromium 
existing as isolated Cr3+ions in cubic sites. This procedure has been carried out 
for the annealed powder samples and the deduced isolated Cr3+ion concentrations 
in sites of octahedral symmetry are given in column three of Table 8.3 in units of 
ppm. The remainder of the dopant is assumed to exist in the M gCr204phase and 
the concentrations of this species (calculated simply by subtracting the isolated ion 
concentration) from the total nominal dopant concentration are given, in ppm, in 
column four of Table 8.3. The deduced concentrations, while approximately correct, 
do not take account of the small fraction of the dopant which exists as isolated 
Cr3+ions in sites of axial symmetry. Inspection of Table 8.3 shows that the isolated 
Cr3+ion concentration in the annealed powder samples examined lies in the range 870 
ppm. Cordischi et al [8.17] estimated the relative concentrations of isolated Cr3+ions 
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Total Nominal 6Hpp Cr3+Concentration (ppm) 
Chromium mT 
Concentration (Experimental) Isolated Ion Spinel 
(ppm) 
3600 0.960 1514 2086 
7400 0.437 902 6498 
9500 0.416 870 8630 
15100 0.442 934 14166 
Table 8.3: Concentration of Cr3+ existing as isolated Ions and the 
spinel M gCr204 for the annealed powder samples. 
and M gCr204in Cr/MgO samples prepared in air by comparing the intensity of the 
central transition in the cubic Cr3+spectrum to that of the broad line attributed to 
the spinel phase. They found that the isolq,ted Cr3+ion concentration ranged from 
approximately 1800 ppm to 2700 ppm in the samples examined. Considering the 
different preparation conditions, one might expect that, as is found experimentally, 
the degree of solubility of Cr3+in the host lattice differs between Cordischi et al 
samples and the ones examined here. Even so, both sets of results indicate that the 
solubility of Cr3+in MgO is limited and, allowing for the difficulty in determining 
absolute concentrations from EPR data, the degree of agreement between our results 
and Cordischi et al concerning the maximum concentration of Cr3+ions which can 
enter into solid solution is encouraging. 
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